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ABSTRACT
Post-mortem measurements in 38 Thoroughbreds showed a weak correlation between ventricular mass
and bodyweight, but insignificant correlation with other body-size indices. Electrocardiographic methods
used previously to estimate absolute or relative ventricular size ("heart score' or backward component of
the Y lead vector) did not correlate significantly with ventricular mass.
Requirements for equipment and procedures for equine echocardiography and transducer positions
suitable to produce consistently good quality images are described. Thirty-eight clinically normal adult
Thoroughbred horses were examined using these methods to establish a range of measurements of
cardiac dimensions and indices of cardiac function considered valuable for comparison with animals with
suspected cardiac disease.
Systolic time intervals can be measured using guided M-mode echocardiography and, despite a
significant amount of unpredictable variation due to measurement error, may be valuable for assessing
changes in contractility and afterload.
Theoretical sources of variation in echocardiographic measurements and the results of an investigation of
the inter- and intra-observer variability are described. Measurements used in the quantitative study were
established to be sufficiently repeatable to be valuable.
Sedation with low doses of detomidine hydrochloride resulted in significant changes in cardiac function
by affecting contractility or afterload. However, no substantial changes in diastolic dimensions were
observed, so comparison of diastolic measurements with the normal range may still be valid and preload
is not altered significantly.
Investigation of the effects of altered heart rate caused by second degree atrio-ventricular block showed
small changes in cardiac dimensions and indices of cardiac function.
Echocardiographic estimates of left ventricular mass using different geometric models correlated closely
with actual measurements made post-mortem. Stroke volume estimates were similar to those made in
previous studies using different methods.
Examination of Thoroughbreds trained for racing and using a treadmill showed that prolonged isometric
exercise results in eccentric cardiac hypertrophy.
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INTRODUCTION
Echocardiography is an invaluable means of examining the heart in health and disease. Cardiac
anatomy, chamber size and myocardial and valvular function can be evaluated, making it a powerful non-
invasive tool.
The physical principles of echocardiography are now well established (DeMaria and others 1980, Geiser,
Skorton and Conetta 1982, Feigenbaum 1986). Unlike radiography, ultrasound allows examination of
the internal structure of the heart, in real time, without the use of contrast agents. The only other
methods currently available which can provide similar detailed images of internal structure are
computer-aided tomography and magnetic resonance imaging. Technical and fmancial limitations
preclude their use for imaging of the equine thorax at present. In addition, they will always be hospital-
based techniques. Radiography provides little information about cardiac size in the adult horse (Marr
1990) and only crude outlines of the ventricles are derived from nuclear imaging. Both methods produce
a silhouette of the heart rather than showing internal detail. Echocardiography is therefore the only
method currently available which produces clear images of the equine heart. As yet there is no evidence
that clinical use of diagnostic ultrasound has caused any harmful effects on living tissue (Baker and
Dalrymple 1978, Stewart and others 1985).
Echocardiography is now regarded as an essential part of the evaluation of a human patient with
suspected cardiac disease. It is a good method of identifying left ventricular hypertrophy and myocardial
dysfunction (Ewy and others 1990) and is the examination of choice for assessment of the functional
anatomy of cardiac valves (Feigenbaum 1986). Ultrasound can also be used to evaluate the effects of
valvular heart disease on haemodynamics and cardiac chambers by allowing assessment of the degree of
chamber enlargement, which is indicative of the severity of underlying disease (Zile and others 1984,
Feigenbaum 1986, Knight 1991a). In some patients, echocardiography is the only non-invasive technique
capable of identifying the cause of a heart murmur (Ewy and others 1990). Two-dimensional
echocardiography (2DE) has assumed a position of pre-eminence for the evaluation of congenital heart
disease (Armstrong 1986). It can be used to assess the effects of drugs (Kraunz and Ryan 1971, Martin
and Fieller 1979, Drayer and others 1983, Kittleson and others 1985a and b, Dunkle and others 1986,
Dunn and others 1987, Leenen and others 1987) and physical exercise on the heart (Morganroth and
others 1975, Graettinger 1984, Maron 1986).
Echocardiography is a bed-side (or kennel/stable-side) tool which has vastly improved our
understanding of cardiac disease in man and in small animals. In comparison with other species, it has
the potential to provide an even greater increase in the understanding of equine cardiology because of a
lack of alternative techniques. These advances must, however, be based on a thorough understanding of
normality.
The diagnostic and prognostic value of echocardiography depends upon an accurate knowledge of the
normal structure and size of the heart. In order to determine the usefulness of quantitative
echocardiographic techniques we must establish the level of accuracy of echocardiographic
measurements, their reproducibility and their role in the evaluation of clinical disorders (Popp 1982).
The normal appearance of cardiac structures and normal ranges for cardiac size are now well
documented in humans (Gerstenblith and others 1977, Gutgesell and others 1977, Henry and others
1978, Gardin and others 1979, Henry, Gardin and Ware 1980, Schnittger and others 1983, Triulzi and
others 1984, Pearlman and others 1988, Rijsterborgh and others 1989), dogs (Boon, Wingfield and Miller
1983, Lombard 1984a, Gooding, Robinson and Mews 1986a, O'Grady and others 1986, O'Grady 1990,
Morrison and others 1992), and cats (Pipers, Reef and Hamlin 1979, DeMadron, Bonagura and Herring
1985, Fox, Bond and Peterson 1985, Jacobs and Knight 1985a, Knight 1991b). At the outset of the work
described in this thesis, reliable values for echocardiographic variables in the Thoroughbred horse were
not available.
The equine heart differs from human, canine and feline hearts in many ways, both in health and disease.
Echocardiographic techniques must therefore be specifically applied to equine problems and not simply
extrapolated from human and small animal studies. The limitations of echocardiography must be
understood and information derived from it must be interpreted in the light of other findings.
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In recent years, Doppler echocardiography has become an invaluable technique in human and small
animal cardiology (Goldberg and others 1988, Miller, Bonagura and Fox 1989, Moise 1989, Wilde 1989,
Darke 1992). It has been used to advance our understanding of cardiac function in the normal horse
(Reef and others 1989) and for evaluation of equine cardiac disease (Reef 1988, Reef 1990a). However,
if the understanding of cardiac disease by veterinary surgeons in the field is to advance on an every-day
basis, efforts must concentrate on the use of 2DE. This technology is rapidly becoming economically
viable in practice. Good spatial orientation makes 2DE an easier technique to understand than M-mode
echocardiography. An improved knowledge of the best methods of 2DE imaging, normal cardiac
dimensions and the effects of drugs, disease and training on these measurements is essential, if the full
potential of the technique is to be realised.
The purpose of the work presented in this thesis was to expand our knowledge of echocardiographic
imaging in horses by using controlled studies to provide a sound basis for the use of the technique with
particular emphasis on clinical applications, limitations and use for experimental purposes. The thesis
focuses on left ventricular dimensions and derived functional indices rather than echocardiographic





Ultrasound was first used to obtain information about cardiac structure and motion in 1954 (Edler and
Hertz). These authors used M-mode echocardiography to identif' the motion of the mitral valve.
During the 1960s, M-mode echocardiography became an established method of cardiac imaging, with
particular emphasis on its use for non-invasive evaluation of cardiac function. A cross-sectional
echocardiographic image was first produced using a mechanically swept M-mode beam by researchers
in Japan (Nagayama and others 1962, Ebina and others 1967), but M-mode imaging remained the
principal echocardiographic method employed in the clinical field until the late 1970s.
As early cross-sectional imaging equipment produced static images, ECG gating was used to select
important parts of the cardiac cycle and to build up a cardiac image (King 1972). Real-time cross-
sectional imaging became possible after the development of linear array transducers (Born and others
1971, Born and others 1973) and, despite the difficulty of manipulating the ultrasound beam produced by
the long, bulky transducers, it found clinical use (King 1973). The problems of projecting an ultrasound
beam through the narrow acoustic window between ribs and lung lobes were reduced by the
development of sector scanning. Initially, a crystal was rotated or oscillated mechanically to construct
the sector (Griffith and Henry 1974). In a later development the beam was swept electronically from an
array of crystals by controlling the timing of each emission, a system known as phased-array sector
scanning (von Ramm and Thurstone 1976). Once two-dimensional imaging technology was improved
and resistance to its use as an alternative to angiography was overcome, an explosion in the use of this
form of cardiac imaging took place. Image quality has improved rapidly over the years and continues to
do so.
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Echocardiography is reported in a large proportion of the recent human cardiovascular medical
literature. References to significant work in the human medical and veterinary fields are made
throughout this thesis in the appropriate chapters. This introductory summary of the literature is
concentrated on work in the veterinary field.
THE USE OF ECHOCARDIOGRAPHY IN VETERINARY MEDICINE
The veterinary world was slow to respond to the development of echocardiography, despite the huge
advantages that the technique offers in animals in which invasive methods may be unethical or
undesirable and for whom quality of life is the prime consideration in treatment. Many of the first
reports involving animals were experimental studies aimed at improving human M-mode and two-
dimensional echocardiographic knowledge and techniques (Myerowitz and others 1974, Mashiro and
others 1976, Sasayama and others 1976, Franklin, Weyman and Egenes 1977, Baylen and others 1980).
Echocardiography in small animals
The use of M-mode echocardiography to image the canine heart for veterinary purposes was first
reported in 1977 (Okamoto and Hasegawa, Yamamura and others). Yamamura and others (1978) later
described its use in a clinical setting. Similar studies concentrating on analysis of valve motion and
timing were described by Dennis and others (1978) and Pipers, Andryscao and Hamlin (1978). The
principles of veterinary M-mode echocardiography have been reviewed by Yamada (1978) and Bonagura
(1983). Clinical use of the technique to demonstrate cardiac disease in dogs was reported with increasing
frequency through the early 1980s, when its use became more widespread (Bonagura and Pipers 1981,
Pipers and others 1981, Wingfield, Boon and Miller 1982, Bonagura and Pipers 1983a and b, Jacobs,
Bolton and Watrous 1983, Lombard and Buergelt 1983, Wingfield, Boon and Miller 1983, Yamaguchi,
Pipers and Gamble 1983, Kittleson and others 1984, Lombard 1984b, Olivier and others 1984, Kittleson
and others 1985a and b, DeMadron, Bonagura and O'Grady 1985). Ranges of cardiac dimensions and
indices of cardiac function measured using M-mode echocardiography were published, allowing
clinicians to make a more accurate assessment of the effects of disease on the cardiovascular system
(Boon, Wingfield and Miller 1983, Lombard 1984a).
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The technique of M-mode echocardiography and a range of cardiac dimensions have also been reported
in the cat (Pipers, Reef and Hamlin 1979, Pipers and Hamlin 1980, Allen 1982a, Fox, Bond and Peterson
1985, Jacobs and Knight 1985a). Cats were the subject of some of the first papers describing the use of
M-mode echocardiography for evaluation of cardiac function in veterinary medicine (Allen and Nymeyer
1983, Dyson, Allen and McDonnell 1985, Jacobs and Knight 1985b, Dunkle and others 1986). The use of
echocardiography to diagnose cardiomyopathy in the cat (Soderberg and others 1983, Moise and others
1986a) and to examine the effects of systemic disease on the feline heart (Moise and Dietze 1986, Bond
and others 1988) was also reported.
The veterinary use of two-dimensional echocardiography (2DE) in dogs was first reported considerably
later (Thomas and others 1984, Yamaga and Too 1984). Thomas (1984) described the anatomical basis
and technique of 2DE in dogs using standardised imaging planes. Bonagura, O'Grady and Herring
(1985) summarised the principles of the use of 2DE in small animals. The use of echocardiography in
the diagnosis of congenital (Bonagura and Herring 1985a) and acquired heart disease (Bonagura and
Herring 1985b) was reviewed. More recently, techniques used in small animal echocardiographic
examination have been described in several reports (Ettinger and Lusk 1989, Miller, Knauer and Herring
1989, Herrtage 1991, Ettinger 1991).
The quantitative application of the technique in dogs was first reported by O'Grady and others (1986).
Ejection fraction estimation from 2DE has been described and the results compared to those obtained
using nuclear imaging (Sisson, Daniel and Twardock 1989). The enormous range of cardiac and thoracic
conformational variation among canine breeds limited the ease with which normal values for cardiac
dimensions could be established. However, echocardiographic variables have been related to body
weight (O'Grady and others 1986, Jacobs and Mahjoob 1988a) and normal values have been established
in certain breeds (Gooding, Robinson and Mews 1986a, O'Grady 1990, Morrison and others 1992).
Quantitative 2DE examinaton of the cat has also been reported (DeMadron, Bonagura and Herring
1985, Knight 1991b).
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Echocardiography in large animals
The majority of reports describing echocardiography in large animals involve its use in horses.
M-mode echocardiography
The absence of a practical alternative method of imaging has placed an even greater emphasis on the use
of echocardiography in large animal cardiology and indeed, one of the earliest reports of its veterinary
use was in the horse (Pipers and Hamlin 1977). These authors described the technique of M-mode
echocardiography. They established a range of measurements of cardiac dimensions in 25 clinically
normal horses. The horses were sedated with acepromazine maleate which may have affected the results
when compared with those obtained in unsedated animals. The average body weight of these horses was
low (300kg). The same authors (1977) validated the anatomical accuracy of their observations by the use
of echo-contrast agents injected through intracardiac catheters. Pipers (1978) later established that M-
mode measurements were reproducible and examined the effect of heart rate and some drugs on
measurements. This work was the basis of many follow-up studies. The technique of M-mode
examination was also described by Lescure and Olivier (1980) and Lescure and Tamzali (1983a).
The principles of examination and M-mode identification of cardiovascular disease have been reported
in farm animals including cattle (Pipers, Reef and Hamlin 1978, Pipers and others 1978, Lacuata and
others 1980, Pipers, Reef and Wilson 1985, Ware, Bonagura and Rings 1986) and pigs (Pipers, Muir and
Hamlin 1978). Quantitative M-mode studies have also been made in sheep (Moses and Ross 1987).
Following publication of the fmdings in a series of clinical cases (Pipers 1977, Pipers, Hamlin and Reef
1979), the number of reports describing the diagnostic use of M-mode echocardiography in the horse
increased as suitable equipment became more widely available. M-mode echocardiography has been
used to demonstrate the abnormal movement of the mitral valve in horses with atrial fibrillation
(Wingfield and others 1980). Lescure and Tamzali (1983 b and c) compared abnormalities detected
echocardiographically with post-mortem findings in a number of horses with valvular cardiac lesions,
dysrhythmias and congenital lesions. Identification of ventricular septal defects (VSDs) was reported by
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Lombard, Scarratt and Buergelt (1983) and Pipers, Reef and Wilson (1985). Echo-contrast was used to
demonstrate a number of clinical abnormalities in a horse, a cow and a dog (Bonagura and Pipers
1983a). Endocarditis was also identified in these species (Bonagura and Pipers 1983b). Further studies
using M-mode echocardiography and echo-contrast have since confirmed the value of this technique to
demonstrate valvular regurgitation and VSDs (Kvart and others 1985). M-mode echocardiography has
been shown to be helpful in the diagnosis of aortic valve regurgitation and assessment of its clinical
significance in the horse (Reef and Spencer 1987, Shaftoe and McGuirk 1987) and also to identify
pericardial disease (Reef, Gentile and Freeman 1984). Bertone and others (1987) examined
echocardiographic variables in horses during the recovery period after an endurance race, gaining a
useful insight into the cardiovascular status of horses in a state of physical exhaustion.
Quantitative studies have most often been reported in horses. In addition to the original report by Pipers
and Hamlin (1977), the M-mode echocardiographic measurement of cardiac dimensions and indices of
cardiac function have been described by several other authors. Lescure and Tamzali (1984) examined
100 clinically normal horses of mixed breed using M-mode echocardiography, measuring cardiac
dimensions and functional indices. The differences in cardiac dimensions in horses of different breeds
and uses were investigated. Reproducibility studies confirmed the value of the technique. Lescure and
Tamzali (1984) also compared cardiac measurements with post-mortem measurements, a procedure
investigated later in more detail by O'Callaghan (1985) who, at the same time, examined methods of
estimating heart weight from M-mode measurements using formulae derived from studies in humans. A
further thorough investigation of the range of cardiac dimensions using M-mode echocardiography was
made by Paull and others (1987). They examined 32 normal "sedentary' horses and compared the
variables measured with results from 53 endurance horses. They estimated stroke volume and heart
mass using formulae derived from human echocardiography. A significant difference in heart mass
between the endurance and 'sedentary' horses was shown, but no attempt was made to validate the
formulae and none of the horses was examined post-mortem.
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M-mode echocardiography has also been used to assess the cardiac dimensions of growing foals
(Stewart, Rose and Barko 1984, Lombard and others 1984). These studies provide a useful reference
range of measurements for comparison with those of foals with cardiac disease.
Two-dimensional echocardiography
Early publications describing the use of 2DE in horses concerned its clinical application. Lescure and
Tamzali (1983a) were the first workers to report its use in the horse. They described the use of the
technique to demonstrate the presence of a VSD (1983c). Some further observations on the use of 2DE
were reported by Rantanen and others (1984). Their report dealt principally with the observation of
spontaneous echogenic contrast of unknown origin in the right atrium and ventricle and of gross valvular
lesions.
Transducer positions required for 2DE imaging in a number of species were reported by Yamaga and
Too (1984). They validated their technique using echo-contrast studies and post-mortem examination,
but used a linear array scanner which limited them to long axis views. The principles of 2DE
examination in the horse were later outlined by Bonagura, Herring and Welker (1985). They described
the nomenclature of several 2DE views of the heart and the approximate positioning of the transducer
required to obtain these views. Rantanen (1986a) reviewed 2DE techniques and illustrated the
discussion with further clinical case reports.
The tranducer positions required for optimal 2DE sector scanning in the horse were evaluated in more
detail by Carlsten (1987). He related image planes to external landmarks. Similar studies using external
thoracic landmarks as guides for a standardised 2DE approach were reported by Stadler, D'Agostino
and Deegan (1988), Robine (1990) and Voros, Holmes and Gibbs (1991). However, in addition to
descriptions of external anatomical landmarks, these authors made a more accurate description of the
image planes used by referring to internal cardiac anatomical landmarks. Stadler, D'Agostino and
Deegan (1988) specified the angulation and degree of rotation of the transducer required to produce
these imaging planes.
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Further descriptions of a standardised imaging technique related to intracardiac landmarks have been
reported more recently by Reef (1990b) and Long, Bonagura and Darke (1992). Reef (1990b) described
the standard imaging planes that are required for consistent equine echocardiography. However, the
most comprehensive study to date has been that of Long, Bonagura and Darke (1992), who described the
range of transducer positions required in 14 horses for 18 imaging planes suitable for 2DE, 2DE guided
M-mode measurements and Doppler measurements, guided by intracardiac landmarks.
The accuracy of 2DE in identi1ing cardiac structures has been validated in vitro (Voros, Holmes and
Gibbs 1990a).
Recently, the range of values of cardiac dimensions in the horse measured by 2DE has been reported by
Kuramoto and others (1989), Robine (1990) and Voros, Holmes and Gibbs (1991). Leadon and others
(1991) recorded cardiac dimensions in 630 yearling Thoroughbred (TB) horses using 2DE to guide
positioning of the M-mode cursor. These reports all have limitations in their methodology which restrict
their usefulness for application to clinical cases. These limitations are discussed in detail in Chapter 6 on
echocardiographic measurement of cardiac dimensions. Long, Bonagura and Darke (1992) published
the range of cardiac measurements made with 2DE guided M-mode in clinically normal adult TB and
TB-cross horses. These measurements will be invaluable in the investigation of horses with cardiac
disease.
2DE guided M-mode echocardiographic quantitive studies have also been reported in pigs (Gwathmey
and others 1989), cattle (Amory and Lekeux 1991, Amory, Jakovljevic and Lekeux 1991) and the
kangaroo (Sugishita and others 1990).
FUNCTIONAL INVESTIGATIONS USING ECHOCARDIOGRAPHY
Analysis of valve motion was one of the earliest uses of M-mode echocardiography (Edler and Hertz
1954). Information on cardiac function can be derived from these observations (Quinones, Gaasch and
Alexander 1974, Rasmussen and others 1978). Dennis and others (1978) derived haemodynamic
information from M-mode analysis of valve motion in the dog. Pipers and Hamlin (1977), Lescure and
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Tamzali (1984), Lombard and others (1984) and Stewart, Rose and Barko (1984) recorded values for the
rate of opening (DE slope) and closure (EF slope) of the mitral valve in horses. Paull and others (1987)
found that the rate of valve motion was significantly greater in trained horses than in untrained horses.
The use of M-mode echocardiography to measure dimensions of the left ventricle (LV) increased
interest in the application of the method for evaluation of cardiac function in humans (Feigenbaum 1975,
Fortuin and Pawsey 1977, Trail, Gibson and Brown 1978, Feigenbaum and others 1982). Fractional
shortening (the measurement of the difference between systolic and diastolic ventricular diameter) has
been measured in all the equine quantitative studies discussed in the previous sections with the exception
of the reports by O'Callaghan (1985) and Leadon and others (1991). In addition, more complex
estimates of equine cardiac function have also been evaluated. O'Callaghan (1985) used M-mode
echocardiography and adapted formulae derived from human medicine to estimate left ventricular mass
(LVM). He compared the results with post-mortem measurements. Paull and others (1987) used M-
mode to estimate stroke volume and LVM using similar formulae. Leadon and others (1991) estimated
LVM in their study of a large number of juvenile horses and related the estimated mass in each horse
with its subsequent racing performance.
Interest in the use of 2DE for investigation of cardiac function in horses developed for the same reasons
as those which were responsible for its popularity in human cardiology, namely the provision of a
relatively cheap, non-invasive method of evaluation of chamber volume which can be used to estimate
stroke volume, ejection fraction and cardiac mass. Kuramoto and others (1989) estimated stroke volume
from 2DE measurements and, although they did not describe the formula used, showed that these
estimates correlated closely with measurements made using the dye dilution method. Estimates of
stroke volume were also made by Robine (1990) using 2DE measurements and formulae derived from
human work. However, the validation of this study in vivo or in vitro was not attempted. Voros, Holmes
and Gibbs (1990b) developed a formula for calculation of left ventricular volume in vitro and validated
the method using latex casts. However, in a later investigation conducted in vivo (1991), these authors
measured LV volume only at systole and were therefore unable to estimate stroke volume using their
validated formula.
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Lord and Croft (1990) took the process one step further by evaluating formulae for estimation of left
ventricular mass in an in vitro study. Their 2DE estimates were more closely correlated with the actual
mass of the left ventricle than M-mode estimates. In theory this method should be more accurate in the
living horse than the M-mode estimates developed by O'Callaghan (1985), but the formulae have not as
yet been evaluated in vivo.
EQUINE CLINICAL INVESTIGATIONS
2DE has been used to identify many different cardiac conditions in the horse. Congenital lesions which
have been identified using 2DE include tricuspid atresia (Reef, Mann and Orsini 1987), common atrio-
ventricular canal (Reef 1991a), VSD (Reef 1988, Reef 1991a, Reef and Spencer 1991), atrial septal
defect (Taylor and others 1991), pulmonic stenosis (Hinchdliff and Adams 1991) and double outlet right
ventricle (Chaffin, Miller and Morris 1992).
2DE has also been used to diagnose acquired cardiac disease. Ventricular and atrial overload due to
valvular regurgitation (Clark, Reef and Sweeney 1987, Shaftoe and McGuirk 1987, Marr 1992), ruptured
chordae tendineae (Reef 1987), endocarditis (Rantanen 1986a, Dedrick and others 1988, Hillyer, Mair
and Holmes 1990, Nilsfors and others 1991, Ball and Weldon 1992, Ewart and others 1992), sinus of
Valsalva aneurysm (Roby and others 1986, Reef and others 1990), pulmonic valve rupture (Reimer, Reef
and Sommer 1991) and myocardial disease (Reef 1990c) have been documented. Pericardial effusions of
idiopathic and traumatic origin (Freestone and others 1987, Bernard and others 1990, Voros and others
1991) have also been reported. 2DE has been used to locate a broken jugular catheter in the right
ventricle (Lees and others 1989) and it has also been used to identify intracardiac masses (Collatos,
Clark and Reef 1990). 2DE and M-mode examination is an important aid in the treatment and
management of horses with atrial fibrillation (Reef, Levitan and Spencer 1989).
2DE has been used for examining cardiac function before and after drug treatment (Marr 1991) and in
relation to the effects of physical training (Kuramoto and others 1989). It is now a recommended
diagnostic aid in any case of suspected congenital defect (Reef 1991a), valvular (Marr 1992), myocardial
(Reef 1992), or pericardial disease (Bernard and Lamb 1992).
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DOPPLER ECHOCARDIOGRAPHY
A recent adjunct to 2DE and M-mode echocardiography is Doppler echocardiography. Doppler
echocardiography is now an important technique in human and small animal clinical cardiology
(Goldberg and others 1988, Wilde 1989, Darke 1992). The technique is based on the principles of
changing frequencies of light, first described from actual observations of the stars by Christian Doppler
in 1843.
Detection of the movement of cardiac chamber walls using the frequency shift effect was described as
early as 1957 (Satomura). The physical principles of pulsed-wave Doppler echocardiography were later
described (Wells 1969) and the technique eventually became used in clinical cases (Baker, Rubenstein
and Lorch 1977). The combination of two-dimensional imaging and Doppler echocardiography (Barber
and others 1974) and technical improvements in frequency analysis and image quality led to an explosion
in the use of the technique in human medicine.
The principles of Doppler echocardiography have been outlined in many publications (Goldberg and
others 1988, Wilde 1989, Long 1990, Darke 1992). The technique is particularly useful for the evaluation
of heart murmurs (Bonagura 1990, Reef 1990a, Darke 1991a). In the horse, it has been used to
document mitral regurgitation (Marr and others 1990), to detect regurgitant blood flow through the
aortic and the tricuspid valves (Reef 1990a) and to measure the velocity of blood flow shunting through a
VSD (Reef 1988, Reef and Spencer 1991, Weinberger 1991). Doppler echocardiography is a useful
method of investigating normal blood flow (Reef and others 1989) and calculation of cardiac output
(Bonagura and others 1990, Fenger, Bertone and Bonagura 1991, Long and others 1992). Angulation of
the interrogating beam parallel to the direction of flow is particularly difficult in the horse, because of the
limited acoustic windows available (Reef 1990a), which limit the use of the technique in this species.
Recently, transoesophageal echocardiography has been used to image the heart and to allow more
appropriate alignment of the interrogating beam with blood flow. This permits more accurate estimation




THE RELATIONSHIP BETWEEN HEART MASS AND BODY SIZE
SUMMARY
The hearts of 42 adult Thoroughbred horses were examined post-mortem. Left ventricular and right
ventricular mass were measured after the hearts were trimmed. Ventricular mass was compared to
body weight, height, and surface area, chest girth, umbilical girth and iliac crest to elbow length. The
relationship between heart mass and sex and age was investigated.
A standardised post-mortem technique is described. Horses were examined echocardiographically in
the week prior to slaughter. The post-mortem examination allowed any abnormalities to be noted and
related to the echocardiographic findings in these horses (described later in Chapter 6).
The study showed that ventricular mass was more closely related to body weight and body surface area
than to height, length or girth; however, the correlation was weak. No significant difference in heart
weight was found between castrated males and females. No correlation was found between age and
heart weight.
INTRODUCTION
Measurement of ventricular mass (VM) has attracted the attention of researchers for a number of
different reasons. Zoologists are interested in the range of VIvI compared to body weight (BWT) in the
animal kingdom (Stahl 1965, bit, Rhode and Kines 1968, Prothero 1979). Pathologists have been keen
to establish a range of normal weights with which to compare post-mortem specimens (Linzbach 1969,
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Geiser and Bove 1974, Bryd and others 1985). Anaesthetists and pharmacologists have sought to
establish the relative sizes of different organs in order to predict distribution of drugs in the body (Webb
and Weaver 1979).
It has long been recognised that heart disease may result in chamber enlargement, which is a response to
cope with the increased load in accordance with the law of Laplace (Linzbach 1969, Grossman, Jones
and McLaurin 1975, Pearson, Pasierski and Labovitz 1991). Establishing heart size in vivo therefore
helps clinicians to assess the effects of disease and treatment on cardiac dimensions. Exercise
physiologists have been interested in the effect of physical training on stroke volume and the limitations
that cardiac size may impose on exercise performance (Henschen 1899, Stewart and Steel 1970, Steel and
Stewart 1974, Leadon and others 1991).
The horse, as an athletic animal, has been an obvious subject of study. A reliable method of measuring
VM in vivo is a worthwhile subject for study as it would allow serial measurements to be used in the
investigation of the effects of disease, drugs and physical exercise. The results of this study to evaluate
the significance of the relationship between VM and body size in the population under investigation were
an important preliminary to an investigation of the use of echocardiographic measurements to estimate
VM in vivo, as reported in Chapter 11.
The purpose of the work described in this chapter was twofold: firstly to check the hearts of horses
examined in the quantitative echocardiographic studies reported in subsequent chapters for signs of gross
disease at post-mortem and secondly to weigh the ventricles accurately in order to be able to relate VM
to body size.
Literature review
Bradley reported the relationship between heart mass (HM) and BWT in the horse as early as 1896.
Holt and others (1962) studied stroke volume in relation to body size and HM in small numbers of
horses, cattle, pigs and dogs. They reported a wide variation in the heart size to BWT ratio among
different species. However, in a later paper, Holt, Rhode and Kines (1968) suggested that there was a
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linear allometric relationship between heart size and BWT across a range of nine mammalian species.
Similar fmdings have been made across species (Prothero 1979) and in different breeds of dog
(Northrup, Van Liere and Stickney 1957, Schneider, Trauex and Knowles 1964, Kirkwood 1985). Stahl
(1965) compiled data from a number of different studies on primates of markedly different BWT and
found a close allometric relationship between HM and body size in different species, but the study also
showed that the variation between individuals within each species could also be large.
Hermann (1925) examined the size of the hearts of mongrel dogs post-mortem and compared them with
BWT. He selected Greyhounds (1926) and racehorses (1929) as natural athletes in order to study the
influence of athleticism on HM in relation to BWT. He was able to show that the HM/BWT ratio
(HM/BWT) in the Greyhound was greater than in mongrel dogs and also suggested that horses which
performed well had bigger hearts than horses with inferior racing ability. He concluded that Greyhounds
and racehorses are born with relatively large hearts and have a great capacity for hypertrophy as a result
of training. Although this latter suggestion seems likely to be valid and has been adopted as a simple
truth by horsemen, there are few documented studies which attempt to substantiate the theory (Stewart
and Steel 1970, Kubo, Senta and Sugimoto 1974, Kuramoto and others 1989).
Since Hermann's studies, equine HM has been compared with BWT in a number of studies. Webb and
Weaver (1979) conducted a review of the literature and quote a range of HM/BWT of 0.58-0.9 % of live
weight. Quiring and Baker (1953), Gunn (1989) and Kline and Foreman (1991) showed a significant
difference in HM in different breeds of horse, with racing animals having the largest hearts relative to
BWT. Similarly, Greyhounds have been shown to have a greater HM/BWT than other breeds of dog
(Schneider, Trauex and Knowles 1964, Gunu 1989)
One of the first papers on human exercise physiology involved the study of competitive skiers. One of
the conclusions of this study was that "the large heart will win the race" (Henschen 1899). This
conclusion was attractive to those who wished to predict racing performance in horses. Steel (1963)
suggested, from measurements made ante- and post-mortem, that mean QRS duration recorded on an
electrocardiogram was related to HM. He also suggested that QRS duration was related to racing
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performance. This technique, which was known as the 'heart score" system, was adopted by Steel and
co-workers in Sydney as a method of estimating HM and then became used tacitly to predict the
potential economic value of a horse (Stewart and Steel 1970, Steel and Stewart 1974, Stewart 1980) (see
Chapter 3). Kubo, Senta and Sugimoto (1974) found that HM measured at post-mortem examination
was greater in horses which had been in prolonged training than in untrained animals.
A major problem encountered when evaluating the results of these studies is that the methods used to
measure HM may not have been comparable. The principal reason for assessing HM is to allow
investigation of factors influencing VM. There are numerous reports describing the measurement of
VM in the human literature of which those of Linzbach (1969), Grossman, Jones and McLaurin (1975),
Reichek and others (1983) and Devereux and others (1986) are some of the more notable. The majority
of the results are comparable because each group of workers followed a standard chamber partition
dissection method in which the heart is separated into its constituent parts so that accurate measurement
of VM could be made (Bove, Rowlands and Scott 1966). A similar method was used in the current study
(see below).
Exercise physiology has evolved into a fashionable field of study in equine research. Many papers
investigating exercise capacity and cardiac output in exercising animals have been published. The results
have been compared in two extensive reviews of these publications (Physick-Sheard 1985 and Rose and
Evans 1991). Unfortunately, all are limited by the small size of the populations studied and the technical
constraints of evaluating a large animal moving at high speed. Relatively few studies directly address the
fundamental questions regarding VM. Some of the most worthwhile subjects of investigation are the
relationship between VM and performance, the degree to which HM is dependent on genetic control and
the effects of physical training on VM. Further development of the science of exercise physiology would
be aided by a knowledge of the VM/BWT relationship in the Thoroughbred (TB) horse.
One of the purposes of this study was to examine the relationship between VM and BWT in a group of





Selection of materials and measurement of body size
Forty-five horses were subjected to a general clinical examination with particular attention given to the
cardiovascular system. Cardiac murmurs were classified according to the description of Reef (1985) and
Gompf (1988). Early systolic ejection-type murmurs with a point of maximal intensity over the left or
right base, early diastolic murmurs heard between the second and third heart sounds and presystolic
murmurs heard between the "A sound and the first heart sound were classified as functional murmurs.
These murmurs were regarded as clinically normal. One horse was found to have a grade 3/6
pansystolic plateau-type murmur with a point of maximal intensity over the left apex compatible with a
diagnosis of mitral regurgitation, one horse was found to have a grade 3/6 pansystolic plateau-type
murmur with a point of maximal intensity over the tricuspid valve region compatible with a diagnosis of
tricuspid regurgitation and another was in atrial fibrillation. These animals were excluded from the
study.
Horses were assessed for signs associated with small airway respiratory disease (SAD) (often referred to
as chronic obstructive pulmonary disease (COPD)) by observation and auscultation. None of the horses
had obvious clinical signs of SAD.
The previous history of the horses was unknown because they were purchased from dealing yards, but
the majority were ex-racehorses. All horses received a restricted exercise programme of 20 minutes
walking on a mechanical horse walker daily for a period of between 6 and 12 months prior to slaughter.
At other times they were confmed in individual boxes. All animals were fed a similar diet and were of
comparable body condition, although their conformation differed appreciably.
The 42 horses included in the study were aged 3-15 years (mean 8.19 years).
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None of the female horses was pregnant.
The horses were divided into two groups for treatment with a drug or placebo which was thought unlikely
to affect cardiac function as part of another study investigating tendon structure. The drug study was a
double-blind trial and horses were therefore divided into groups A (20 horses) and B (22 horses) for
analysis of results.
Horses were weighed on electronic platform scales in the week prior to slaughter. The scales were
checked for accuracy against known weights (sacks of animal feed). Chest girth (CG), umbilical girth
(UG) and iliac crest to elbow length (ICEL) were measured using a tape measure. In 16 horses these
measurements were made twice on one day and again on two subsequent days to assess the repeatability
of the measurements. Body surface area (BSA) was calculated from two formulae.
Formula one: BSA(1) = BWT (Kg) x io2 (Schott and others 1990)
Formula two: BSA(2) = (BWT (Kg) x 0.008) + 1.09 (Hodgson, personal communication)
BWT, height (BHT), BSA, CG, UG and ICEL are referred to as indices of body size.
Gross post-mortem examination of the heart
The horses were humanely killed at a local abattoir with the use of a free bullet. The carcasses were
exsanguinated and the hearts were removed. Post-mortem examination was performed between one and
six hours after slaughter.
The following steps were taken:
1. The pericardium was inspected for any abnormality and then removed. Normally the
pericardium had been opened within the chest cavity during the dressing of the carcass preventing
assessment of any pericardial fluid.
2. Fat and parenchymal tissue were trimmed away from the heart.
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3. The epicardial surface of the heart was examined for evidence of infarction scars.
4. The pulmonary artery (PA) and the aorta were carefully divided, noting the condition of the
ligamentum arteriosum.
5. The PA was freed from the atria and cut down its length. The pulmonary valve (PV) was
examined.
6. The PV was divided by cutting between the leaflets and the incision was continued into the right
ventricle (RV) along the junction of the right ventricular free wall (RVFW) and the inter-ventricular
septum (IVS), until it extended to the base of the tricuspid valve (TV) annulus. The RV endocardium,
moderator bands and TV were examined.
7. An incision was made from the caudal vena cava along the base of the right atrium (RA), joining
an incision made from the cranial vena cava to the atrio-ventricular (AV) annulus. The incision was
extended into the right atrial appendage. The endocardium of the RA and the integrity of the interatrial
septum were examined.
8. An incision was made down the length of the aorta and the aortic valve (AoV) was examined.
9. The left atrium was opened by cutting between the pulmonary veins and the incision was
extended into the left atrial appendage. The endocardial surface was inspected for jet lesions and the
position of any lesions relative to the mitral valve (MV) leaflets was noted.
10. Incisions were made down the length of the main coronary arteries from the sinus of Valsava.
11. The AoV was divided between the right and left coronary cusps and a cut was made to the level
of the left coronary groove. The myocardium was carefully incised using a scalpel to penetrate the LV
lumen without damaging underlying structures. The incision was extended between the papillary muscles
to the base of the MV annulus. Minor moderator bands were cut. The LV endocardium, AoV and MV
were examined with particular attention to the origins and insertions of the chordae tendineae.
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12.	 Once the chordae had been inspected, the posterior mitral leaflet was divided between the
chordae from the right and left papillary muscles leaving the chordae intact.
This procedure allowed any abnormalities to be found. After inspection the ventricles were trimmed.
a) The coronary arteries and surrounding fat were removed.
b) The atria were dissected from the ventricles by cutting under the base of the AV valves. An
obvious plane of dissection existed and the atria and ventricles could be separated by blunt dissection.
c) The PA, aorta and valve cusps were removed at their base.
The ventricles were then weighed. To weigh the left ventricle (LV) the RVFW was cut flush with the
IVS at the level of the coronary groove. The supracristal ridge was divided at the base of the outflow
tract by holding the LV in its usual shape and cutting flush with the IVS. The ventricles were dried with
paper towels. RV mass (RVM) was calculated from difference between total VM (TVM) and LV mass
(LVM).
Statistical methods
VM was compared to indices of body size and to age using linear regression analysis and Pearson's
correlation method. The correlation between LVM and RVM was also calculated. Values for VM were
also compared in horses of different sex and different drug trial group using Student's t-test. Differences
between girth measurements and ICEL measured on separate occasions in 16 animals were subjected to
two-way analysis of variance. These calculations and those described in subsequent chapters were
performed using a Minitab statistical package (Minitab Inc., State College, PA., U.SA.). The critical
probability for statistical significance was taken at p = 0.05 on a two-sided null hypothesis of no difference.
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RESULTS
No significant abnormalities were found on post-mortem examination of the hearts. Minor nodule
formation on the aortic valves and localised thickening of the mitral valve were common. Fenestrations
in the aortic valve cusps, regarded as normal (Mahaffey 1958), were common.
There was no significant difference between UG or ICEL measured on different occasions; however, a
statistically significant difference was found between chest girth measured on different days. The
electronic scales consistently measured BWT and accurately measured known weights. The results of
repeated CG, UG and ICEL measurements recorded in 16 horses are shown in Appendix 2.1. The mean
values, standard deviation and range of the values for VM, body size indices and VM/BWT are shown in
Table 2.1. Results from individual horses are given in Appendix 2.2.
The correlations and, where statistically significant, the comparisons using linear regression analysis of
the values for VM and body size indices are shown in Table 2.2. Significant relationships were found
between BWT and TVM and LVM, but not with RVM. Scatter graphs demonstrate these relationships
(Figures 2.1-2.3). The two formulae for body surface area gave identical relationships but different
slopes to the regression equation when compared to VM. No other significant relationships were found
between VM and body size.
LVM was closely correlated to RVM (Table 2.2); however, three horses had notably different
LVM/RVM ratios from the other horses. This is demonstrated by a scatter graph (Figure 2.4).
There was no significant difference in the TVM, LVM or RVM in horses of different sex, or in the



















CORRELATION OF INDICES OF BODY SIZE AND AGE
WITH VENTRICULAR MASS
BODY SIZE	 TVM	 LVM	 RYM
AGE	 0.132	 0.161	 0.038
BWT	 10.397	 0.431	 0.244
BHT	 0.236	 0.241	 0.177
BSA1	 0.397	 0.431	 0.244
BSA2	 0.397	 0.431	 0.244
CGIRTH	 0.262	 0.270	 0.185
UGIRTH	 0.222	 0.208	 0.211
ICEL	 0.286	 0.265	 0.275
	* 	 20972	 o.865
LVM	 20972	 *	 0.723
RYM	 O.865	 0.723	 *
KEY:
Pearson's correlation coefficients
No correlations significant except:
	
'=p<O.Ol R2 = 15.8
	
TVM = 1087 + 2.06 BWT
	
2 = p <0.005 R2 = 94.5
	
LVM = 136 + 0.707 TVM
	
= <0.005 R2 = 74.8
	 RVM = -141 + 0.295 TVM
	
= p <0.005 R2 = 18.5
	
LVM = 1087 + 2.06 BWT
= p <0.005 R2 = 52.3














FIGURE 2.1 RELATIONSHIP BETWEEN BODY WEIGHT
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FIGURE 2.3 RELATIONSHIP BETWEEN BODY WEIGHT
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Factors affecting heart mass
The physiology of cardiac hypertrophy and the effects of training on the heart are discussed in detail in
Chapters 12 and 13. The influence of exercise training undertaken previously by the horses in the
current study could not be evaluated because their histories were unknown. However, a minimum of 24
weeks elapsed between their introduction to the minimal exercise regime and slaughter, during which
time exercise induced hypertrophy may have regressed. Evidence suggests that detraining will result in
regression of exercise induced LV hypertrophy (LVH) (Ehsani, Hagberg and Hickson 1978, Hickson and
others 1982, Martin and others 1986), although the time required for this to occur is unclear. Regression
has been shown to take as little as 4-5 weeks in dogs (Tipton and others 1974). Genetic influence would
therefore be expected to play a major role in the difference in VM between the horses. Genetic studies
in monozygotic and dizygotic twins revealed a significant genetic influence on ventricular wall thickness
though not, however, on ventricular diameter (Bielen, Fagard and Amery 1990 and 1991).
The relationship between heart mass and body size
It is logical to suggest that a comparison of VM with body size would be a helpful guide to the
significance of cardiac hypertrophy. However, the selection of which index of body size should be
compared with which cardiac dimension needs careful consideration. In order to expect to obtain linear
relationships, measurements of the same power (i.e. linear or volumetric) should be compared (Ganeau
and Devereux 1990, Schieken 1990). For example, it is more valid to compare BHT with a linear
dimension such as ventricular diameter, while functions such as BWT and BSA are more appropriate for
comparison with VM. The formulae for BSA used in the current study alter the slope of the graph of the
regression equation describing the relationship between body size and VM, but do not contain any
independent variables other than BWT. The significance of the relationship between BSA and VM is
therefore no different from that of BWT and VM. Thus, BSA estimates made from these formulae offer
no advantage over BWT in the estimation of VM from body size.
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The current study shows a weak association between VM and body size. Similar findings have been
made in studies of VM in humans (Bryd and others 1985), although other studies suggest that there is a
direct relationship between VM and BSA (Pearson, Pasierski and Labovitz 1991). The 95% confidence
limits for echocardiographic dimensions available for humans (Feigenbaum 1986) and dogs (Boon,
Wingfield and Miller 1983, Lombard 1984a, Bonagura, O'Grady and Herring 1985, Jacobs and Mahjoob
1988a) are useful for establishing whether heart size is likely to be normal in a case with suspected
cardiac disease. Although there is a general rule that bigger horses have bigger hearts, the association in
the present study is so weak that it is of little use in predicting the VM from known body size in normal
animals. A 95% confidence limit range related to BWT would therefore be far less valuable in TBs than
in humans and dogs. This makes post-mortem evaluation of hypertrophy difficult. Measurements made
in TBs with suspected cardiac disease would be better compared with a range for all adult TBs than with
95% confidence limits which relate expected heart size to BWT.
One of the reasons that a 95% confidence limit range is less useful for TB horses than in humans or
small animals is that the variation in body size and VM in TBs is much smaller. This was a problem in
attempting to establish any correlation with both body size and VM in the echocardiographic studies
described in later chapters as well as the current study. Values were closely grouped and the source of
measurement error became relatively large in comparison with the difference between animals. This was
a particular problem in the echocardiographic estimation of LVM (Chapter 11).
Comparison of VM/BWT results from this study with HM/BWT measured in other studies was
inappropriate because detailed information of the tissues weighed was not available. However, the range
established in the current study will be a useful guide for evaluation of cardiac enlargement at post-
mortem examination. Without a guide such as this, estimations of the degree of hypertrophy due to
physical training or cardiac disease are impossible. It is hoped that the principles of heart dissection will
be followed in future studies of equine VM so that accurate comparisons can be made.
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Measurement of body size
BWT fluctuations due to different bodily condition in horses are another potential source of variation in
the VM/BWT ratio. In addition, BW1' may be highly variable in the same horse depending on physical
activity. Daily variation may occur depending on gut content. In this study the bodily condition of the
horses was similar and this will have reduced variation of VM/BWT between horses. All horses were
weighed at the same time of day. The influence of training on BWT is potentially high. In a later study
involving two groups of two year old TBs (Chapter 13), horses were approximately the same weight at
the outset of the study, but trained horses were in the region of 30kg lighter than 'sedentary' animals
within three weeks of the commencement of training, despite being fed a high energy diet. Such
differences could easily lead to variation in VM/BWT been raintci anci
	 o
basic conformation.
Girth and length measurement have been used to estimate BWT with good results (Carroll and
Huntingdon 1988, Jones and others 1989); however, they can never be as accurate as good scales, making
the estimation of VM from BWT even less useful in a situation where accurate scales are not available.
Errors resulting from variation in day-to-day measurement of girth and ICEL are likely to influence
these estimates in addition to inherent inaccuracies. The correlations of girth and length measurements
with VM were so weak that these body size indices would be of no practical value as a guide to the range
of heart size compatible with normality.
Unfortunately, it was not possible to obtain accurate, individually identified, dressed BWTs for horses
from the abattoir. Dressed BWT would have eliminated variation due to weight of gut contents and
mesenteric fat in different horses.
Bodily conformation is another variable unrelated to VM. The older females in the study tended to be
heavier than other horses and appeared "big bellied". This may have resulted in further variation in
VM/BWT ratio.
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Measurement of heart mass
Errors arising from post-mortem changes in VM were kept to a minimum by weighing the hearts shortly
after death. Potential variation in VM due to blood or water within the ventricles and different
quantities of fat and great vessel tissue was largely eliminated by adoption of the method used for
preparing human hearts described by Bove, Rowlands and Scott (1966). However, measurement of HM
before the trimming process could have provided additional relevant information for comparison with
previous equine publications, despite the inaccuracies involved. In retrospect, the small amount of
additional work involved could have been well worthwhile.
Changes in the myocardium after death may affect the validity of comparison of estimates of cardiac
dimensions and VM made in vivo with autopsy measurements. Measurement of cardiac dimensions was
not made on necropsy specimens because comparison with dimensions in vivo may be of little value.
O'Callaghan (1985) commented on the effects of rigor mortis on the thickness of the ventricular walls,
suggesting that post-mortem measurement of cardiac dimensions was not a good standard for evaluation
of echocardiographic accuracy. The effects of rigor mortis are likely to have a marked and unpredictable
effect on ventricular lumen volume. Steps taken to reduce these changes have been reported (Lord and
Croft 1990), but there is evidence that the effects of rigor mortis cannot be prevented (Eckner and others
1969). Formalin fixation was avoided because it has been shown to change the size and shape of the
heart after fixation (Eckner and others 1969). In addition, errors in calculation of mass may be
introduced by fixation in formalin, which reduced the specific gravity of the myocardium by 8.5% in one
human study (Stack and others 1987). VM, however, is unlikely to change substantially in the unfixed
heart and may be a better standard than linear measurements for comparison of measuring techniques
(Stack and others 1987).
Variation in the exact position of the cut through the RV/IVS junction could result in measurement
error. It was difficult to make the cut through the supracristal ridge in a consistent manner.
30
The ratio of right and left ventricular mass
The relatively high RVM/LVM ratio found in three horses could possibly be related to pulmonary
hypertension caused by COPD, but no overt clinical evidence of COPD was found in these animals. In a
post-mortem examination study described by Dixon and others (1982), a higher RVM/LVM ratio was
found in the horses affected by COPD than in normal horses.
A high RVM/LVM ratio might also result from tricuspid regurgitation (TR), but no auscultatory
evidence of TR was found in the horses in this study. However, in the light of the high prevalence of TR
in working horses (Stockman 1894) and in racing TBs (Patteson and Cripps 1992), an objective method
of detecting RV pressure or volume overload in vivo would be extremely useful. Problems associated
with echocardiographic measurements of the RV are discussed in Chapter 6.
Inspection of the heart for gross lesions
A thorough inspection of the equine heart at post-mortem is essential if significant lesions are not to be
missed. The dissection method in the current study was based on that described by Miller and Holmes
(1984a). It is generally accepted that small nodules may develop on the valves and the definition of what
constitutes normality with regard to age changes is unclear. However, no lesions were found which could
be regarded as significant. As no clinical or electrocardiographic abnormalities were found in these
horses, it can be assumed that they are suitable for establishing a range of normality. None of the minor
valvular changes was detected on echocardiographic examination.
CONCLUSIONS
A weak relationship exists between BWT and VM. There is no significant relationship between BHT,
girth or length and VM. The BSA estimations used in the study are of no advantage over BWT as
indices of body size. The range of VM in horses of similar size, breed and management is wide.
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CHAPTER 3
A REAPPRAISAL OF ELECTROCARDIOGRAPHIC METHODS
OF ASSESSING HEART SIZE
SUMMARY
Estimates of heart size made using the established methods of the "heart score" system and analysis of
the cranio-caudal component of the cardiac vector were made in 38 clinically normal Thoroughbred
horses. The results were compared with ventricular mass measured at post-mortem examination.
No significant correlation was found between ventricular mass and either of the electrocardiographic
estimates of heart size. A weak but statistically significant correlation was found between "heart score"
and body weight but not with height. No significant correlation was found between the cranio-caudal
component of the cardiac vector and body size. There was no significant difference in ECG
measurements in horses of different age or sex.
It was concluded that these methods have no value for prediction of heart size in vivo, although they
may have other uses. A reliable method of estimating heart size in vivo would be useful for
investigation of clinical cases and for research purposes.
INTRODUCTION
Electrocardiography is the established method of recording heart rhythm and conduction. In human,
canine and feline medicine, electrocardiographic measurements, in particular complex duration,
amplitude and mean electrical axis determined from the Einthoven limb-lead system, have also been
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used to assess heart chamber size. In the horse, the mean electrical axis and QRS amplitude measured
using this system are extremely variable (Lannek and Rutqvist 1951, Holmes and Alps 1967a, Buss,
Rawling and Bisgard 1975, Fregin 1982), thus information about chamber enlargement is limited.
Two electrocardiographic methods have principally been used to estimate equine heart size.
1. "Heart score": this method, developed by Steel (1%3), correlated heart weight and racing
performance with the mean QRS duration in the three limb-leads.
2. Vector electrocardiography: this technique was developed to attempt to detect chamber enlargement
in humans with greater accuracy and sensitivity than ECGs recorded in the frontal plane only.
In this chapter, an investigation of the relationship between ventricular mass measured post-mortem and
the electrocardiographic measurements of "heart score" and the cranio-caudal component of the cardiac
vector is described.
Literature review
The recording of changing patterns of electrical potential at the body surface, associated with cardiac
depolarization and repolarization, was first reported by Wailer in 1887. The method was adapted by
Einthoven, Fahr and DeWaart (1913), who developed a limb-lead system in which the heart is
considered to be a point source of potential, approximately in the middle of an equilateral triangle
formed by electrodes placed on the thoracic limbs and the left pelvic limb. A string galvanometer was
used to record the potential difference between the electrodes. This system examines the cardiac
electrical field in a plane described in humans as "frontal'. The "electrocardiogram" (ECG) is the
graphic inscription of the characteristic waveforms recorded. It allows the rhythm and conduction
process of the heart to be examined.
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Electrocardiographic assessment of heart size in humans and small animals
Over the many years in which ECGs have been recorded in human medicine, experience of the
electrocardiographic changes associated with left and right ventricular enlargement has allowed
assessment of relative chamber size from ECGs. However, the accuracy and sensitivity of ECG
diagnosis of left ventricular hypertrophy has been increasingly open to question in both human and
canine medicine (Knight and Chen 1989, Devereux 1990).
Early experiences in human electrocardiography led to the correlation of QRS duration with left
ventricular size (Wilson and Herrmann 1930). Over the years, a body of experience and a wide variety of
criteria have been established for the ECG detection of left ventricular hypertrophy (LVH) (Braunwald
1988). In the 1950s vectorcardiography was developed which, it was hoped, would allow simple, quick
diagnosis of LVII. It was suggested that vectorcardiography was sensitive enough to allow an accurate
evaluation of LVH and in many instances to assist in making a specific diagnosis (Toshima, Cueta and
Lillehei 1967). However, a number of studies have shown the limited sensitivity of the technique
(Belletti and Gould 1969, Vine and others 1971, Antman, Green and Grossman 1979). In addition, a
number of point scoring systems and computer algorithms have been developed to simplify detection and
to improve specificity and sensitivity (Romhilt, Greenfield and Estes 1968). More sophisticated
techniques such as multiple dipole electrocardiograms have been claimed to assist in the diagnosis of
LVH, but complex calculations are often needed in order to provide any increased accuracy over
conventional techniques (Dunn and others 1979). More recently, signal averaged electrocardiography
has been developed and may allow more sensitive detection of LVH in humans (Devereux 1990, Vacek
and others 1990). However, this technique is unlikely to be applicable in the horse because of the nature
of the equine depolarization process (see below).
The principal problem with all of these ECG techniques has been low sensitivity in detecting LVII. The
high prevalence of electrocardiographically undetected LVH in the human population has been
established by surveys comparing the technique with LVH detected echocardiographically or at post-
mortem (Levy and others 1990). Although some studies have suggested that vectorcardiographic
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assessment of LVH compares well with echocardiography (Bennett and Evans 1974, Toshima, Koga and
Kimura 1977), it has become generally accepted that echocardiography is a much more sensitive method
of detecting LVH in humans than electrocardiography (Reichek and Devereux 1981, Devereux and
others 1983, Woythaler and others 1983, Devereux 1990).
In the dog, several electrocardiographic criteria have been established to aid diagnosis of LVH.
However, experimental studies validating these criteria are limited. Hamlin's study (1968) is the only
original paper clearly outlining diagnostic criteria. Recently the method has been re-evaluated and
compared with echocardiographic measurement of heart size (Knight and Chen 1989). The results of
this canine study show that electrocardiography is very insensitive in detecting LVH, in particular
eccentric hypertrophy, even when a large number of diagnostic criteria are established. The specificity of
the technique is, however, high.
Electrocardiographic assessment of heart size in the horse
It was a natural progression to apply the Einthoven's limb-lead system to the horse. The system has
been evaluated by Fregin (1982) and is widely used by many equine clinicians around the world. Some
empirical correlations have been drawn between ECG magnitude, mean electrical axis in the frontal
plane and clinical abnormalities (White and Rhode 1974), although there is little supportive evidence for
the validity of these deductions. The relative lack of comprehensive clinical correlations is one reason
that the specificity of the technique in the horse is considerably less than in man or small animals. In
addition, the mean electrical axis in the frontal plane can vary enormously in normal horses (Fregin 1982,
Holmes and Alps 1967a) and this measurement is therefore of little practical value.
The "heart score" system
It has long been assumed that the exercise capacity of a horse is related to its heart size (Herrmann 1929,
Lord and Croft 1990) and the desire to predict the performance potential of horses has been a popular
goal for obvious reasons. Steel (1963) recorded electrocardiograms from a large number of horses of
different racing ability and attempted to draw conclusions from the differences between the ECGs
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recorded from horses which performed well and those recorded from "poor performers". One of the
parameters he measured was the duration of the QRS complex. Following the guide-lines established in
human medicine relating heart weight to left ventricular wall thickness (Wilson and Herrmann 1930),
Steel (1963) suggested that a longer QRS duration would be associated with a larger ventricular size in
the horse. He developed the concept of "heart score" as a way of averaging QRS duration in the limb-
leads and reported that, statistically, those horses with higher "heart scores" (longer mean QRS duration)
performed better than those with low scores (Steel 1963).
Inevitably these fmdings led to the use of "heart score" measurements as a method of predicting the
future racing capacity of a horse (Steel and Stewart 1974). This practice even resulted in animals being
destroyed because of a low "heart score" (Stewart 1981). Steel and co-workers carried out similar tests
on human athletes (Steel, Stewart and Toyne 1970) and greyhounds (Steel and others 1976). They
suggested that a positive correlation between "heart score" and performance in these species was further
supportive evidence for the validity of the method in the horse. Steel and co-workers found that heart
weight measured at post-mortem examination correlated closely with "heart score" in greyhounds (Steel
and others 1976) and in horses (Stewart and Steel 1970, Steel and Stewart 1974, Stewart 1980). They
concluded that "heart scores" were a good method of estimating heart size in horses. Further evidence of
a good correlation between a high "heart score" and good performance and between low scores and poor
performance has been found in three-day event horses (Rose, Backhouse and Ilkiw 1980), Standardbred
trotters (Nielsen and Vibe-Petersen 1980) and long distance riding horses (Rose, Ilkiw and Hodgson
1979, Illera and Illera 1987).
The work of Steel and co-workers was founded on a natural extrapolation from human
electrocardiography and a wish to be able to predict heart size in horses. In view of the large number of
variables limiting the sensitivity of ECG evaluation of LVH in man and dogs, it is not surprising that
some cardiologists consider the technique to be of limited use in the horse. The validity of the "heart
score" measurement system in physiological terms and the value of its use for predicting performance
have been questioned by a number of cardiologists (Anon 1980). The work of Steel and co-workers
ignored the important findings of the Ohio research group led by Hamlin. Hamlin's group published a
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number of studies describing the use of intracardiac electrodes in ungulates such as the pig (Hamlin
1960) and goat (Hamlin and Scher 1961) and vectorcardiography in the horse (Hamlin, Smetzer and
Smith 1964), which led to the defmitive publication on the mammalian ventricular depolarization process
by Hamlin and Smith (1965). These authors divided mammals into categories A and B. Category A
mammals include man and the dog and cat and are characterized by a pattern of wave fronts spreading
across the myocardium, contributing to the surface ECG. In category B mammals, including horses, the
Purkinje network is very widespread (Meyling and Ter Borg 1957). Consequently, the vast majority of
the myocardium is depolarized simultaneously from multiple points throughout the myocardiuni in these
species. The result of this process is that the electromotive forces generated by the depolarization of the
vast majority of the myocardium cancel each other out and make no contribution to the surface ECG.
The first part of the surface ECG principally represents the initial activation of a small part of the sub-
endocardial myocardium at the apex of the left ventricle and depolarization of the apical portion of the
interventricular septum (IVS). The terminal part of the QRS complex results from the depolarization of
the middle and basilar thirds of the IVS. The equine surface ECG therefore provides only limited
information about the myocardium. Additional experiments using intracardiac electrodes showed that
the equine myocardial depolarization did indeed follow this pattern. Furthermore, depolarization of the
apical section of the IVS could be from the right to the left side of the septum or vice versa (Muylle and
Oyaert 1977). In addition, these authors showed that the QRS duration may not represent the time
taken for myocardial depolarization which may have commenced some time before the surface ECG
shows any deflection. The QRS complex configuration may therefore vary widely in normal individuals
and its duration may not accurately represent the time taken for activation of the entire myocardium.
In the light of the experimental evidence for the depolarization process in ungulates, Ilamlin (1964) and
Irvine (1964) pointed out the fundamental error of assuming that the whole myocardium was responsible
for the QRS complex recorded at the body surface in the horse. Physick-Sheard and Hendren (1983)
investigated the relationship between time parameters of vector spatial loops and racing performance,
fmding them to be of little value. Moodie and Pattie (1977) and Moodie and Sheard (1980) questioned
the fmdings and statistical analysis of Steel and co-workers. Gross and others (1974) also questioned
statistical methods used by Steel and co-workers and criticised the accuracy of their method of measuring
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QRS duration. Leadon and others (1982) found that there was little correlation between racing
performance and 'heart score" in the Thoroughbred (TB) horses in their study. A poor correlation was
also found between heart scores measured in yearlings and their subsequent performance (Leadon and
others 1991).
Vectorcardiography
Einthoven's limb-lead system detects the body surface electrocardiogram produced by the cardiac
equivalent dipole in the frontal plane. It assumes that the dipole is a point source equidistant from the
electrodes in a homogeneous isotropic medium. A number of investigators developed lead systems
which examined the surface ECG in three mutually perpendicular (orthogonal) planes, so that a three-
dimensional assessment of cardiac electrical events could be made. Several orthogonal systems were
developed for use in man (Wilson and Johnston 1938, Grant 1950, Frank 1956, McFee and Parungao
1961) and for canine ECG recording (Hamlin and Hallerstein 1956, Wotton 1982).
A number of vectorcardiographic systems have also been applied to or developed for the horse (Hamlin,
Smetzer and Smith 1964, Holmes and Alps 1967a and b, Holmes and Darke 1970, Holmes and Else
1972a, Holmes 1976, Hanak 1983), cattle (Van Arsdel, Krueger and Bogart 1963) and pigs (Hamlin
1960). Holmes and co-workers (Holmes and Alps 1967a and b, Holmes and Darke 1970, Holmes and
Else 1972a) pointed out the limitations of the Einthoven limb-lead system applied to the horse. Their
principal criticism was that the cardiac dipole was not centrally situated within the triangle formed by the
limb leads. Darke and Holmes (1969a,b) mapped the equine surface ECG by comparing multiple points
over the body surface with a central terminal. They established that (within limits) the cardiac field is
derived from a single dipole, which moved little during depolarization. Holmes and co-workers also
developed a orthogonal system with three (almost) mutually perpendicular leads, described as X, Y and
Z leads (Holmes and Alps 1967a,b, Holmes and Darke 1970, Holmes and Else 1972a, Holmes 1976).
The bipole lead ECGs were plotted by computer to give a spatial vector at any moment in time. The
spatial vector was plotted throughout ventricular depolarization to produce a vector loop. The maximal
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spatial vector magnitude and orientation and the direction of the vector ioop were the principal
parameters evaluated.
This system was applied to clinical cases and the electrocardiographic findings were related to clinical
observations and, where possible, to post-mortem findings (Holmes 1976). The most useful lead for
clinical correlations was the Y lead (cranio-caudal lead), from which the ratio of the caudal and cranial
components of the cardiac vector ("backward vector") was calculated. A caudal component of the
cardiac vector greater than the cranial component was found in this plane in only 6 of 126 horses in
which the ratio could be measured. All of these horses had pandiastolic murmurs. Since this murmur is
associated with aortic valve disease (Holmes and Else 1972b) and consequent aortic incompetence, it
seemed possible that a large caudal component of the cardiac vector was associated with volume
overload of the left ventricle. Although no further evidence for this was forthcoming, it became a
method of assessment of left ventricular size. Holmes (1976) also suggested that hypertrophy associated
with the effects of exercise training in TB racehorses would be likely to result in a larger caudal
component of the cardiac vector, but did not produce experimental evidence to support this suggestion.
Similar fmdings were reported by Muylle and Oyaert (1971) using a variation on the Holmes orthogonal
system. Their data showed an association between a large caudally-directed spatial vector and a history
of either mitral and/or aortic valvular disease, or use as a racehorse. The Y lead has also been the most
useful lead in the experience of other cardiologists (Physick-Sheard 1987), although the technique has
not found widespread popularity. Other values such as the time taken to maximal forward or backward
component of the vector and integrals of various values were calculated by Holmes (1976), but were to
be of little value when related to clinical fmdings.
Unfortunately, the Holmes orthogonal system did not provide sufficiently useful information to become
widely used (although it is probably the most widely used of the vectorcardiographic systems). The
technical difficulties of recording the X lead and the need for a multi-channel recorder with digital
output or an analogue-to-digital conversion computer made the system difficult to apply in the field.
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The value of vectorcardiography in ungulates is also limited in the light of the fmdings reported by
Hamlin and Smith (1965) and Muylle and Oyaert (1977). Insensitive deductions concerning
depolarization of the septum are unlikely to provide clinically helpful information about the whole of the
myocardium. It is possible, however, that in extreme cases of concentric or eccentric LVI-!,
vectorcardiographic changes suggestive of IVS hypertrophy may be seen.
The purpose of this study was to compare the heart score" and the ratio of the caudal and cranial
components of the cardiac vector with ventricular mass measured post-mortem. The measurements
were also compared with body size, age and sex.
MATERIALS AND METhODS
Experimental methods
Electrocardiograms were recorded from 38 clinically normal TB horses aged 3-15 years (mean 8.37),
weighing 420-610 kg (mean 515), using a single channel Cambridge TSE recorder. The horses were held
in their own boxes, on a lead-rein, to ensure that they were not excited. The group was made up of 13
castrated males and 25 females.
Two lead systems were used.
1. The conventional limb-lead system based on Einthoven's triangle: 5cm square pieces of tin plate
acted as electrodes and were taped to the antebrachium just below the elbow on the front legs and just
below the stifle on the left hind leg. Leads I, II and III were recorded. Recordings were made with the
horses standing with their limbs square.
2. A Y lead of the orthogonal lead system described by Holmes and Darke (1970) and Holmes and Else
(1972a) was recorded. A tin electrode was attached over the manubrium using a clothes-peg and
connected to the negative terminal. Another electrode was placed over the xiphoid under an elasticated
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sircingle and was attached to the positive terminal. A third lead was attached with a crocodile clip to the
skin in front of the scapula to act as an earth.
All electrode/skin contact surfaces were liberally coated with contact gel (Redux creme, Medical
Products Group, Waltham, Massachucetts, USA). All recordings were made with the paper speed set at
25 mm/sec, without filtration.
The 'heart score" of each horse was calculated according to the method described by Steel (1963) and
clarified by Stewart (1981). Briefly, the method was to measure the QRS manually from five different
cycles in each of the three limb leads. The mean of these measurements was then calculated to derive
the "heart score". A ten-fold magnifying glass and draughtsman's calipers were used.
The caudally directed component ("backward vector") of the surface ECG in the sagittal plane was
calculated from the Y lead recording. It was expressed as the percentage of the positive (caudal or
backward) deflection of the whole QRS complex (R wave amplitude divided by S wave amplitude,
multiplied by 100).
Statistical methods
The "heart score" was compared with the total ventricular mass (TVM), left ventricular mass (LVM) and
right ventricular mass (RVM) measured at post-mortem examination as described in Chapter 2. It was
also compared with body weight (BWT), height (BHT), age and sex.
The "backward vector" was compared with the TYM, LYM and the LVM/RVM ratio. Comparison was
also made to BWT, BHT, age and sex.
"Heart score" and "backward vector" were compared with echocardiographically derived measurements
of left ventricular free wall thickness (LVFWth), IVS thickness (IVSth) and left ventricular diameter at
end-diastole (LVDd) and end-systole (LVDs) derived from the study reported in Chapter 6.
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Comparisons of cardiac mass, and body size indices were made with electrocardiographic estimates of
heart size using linear regression analysis and Pearson's correlation coefficient. The critical probability
for statistical significance was taken at p = 0.05 on a two-sided null hypothesis of no difference.
RESULTS
Satisfactory recordings were obtained from all horses. Some horses required a few minutes to become
used to the feel of the electrodes strapped to their limbs. ECGs were recorded when they had settled
and in all cases the heart rate was less than 48 bpm. It was more difficult to obtain artefact-free
recordings from the limb leads than from the Y lead. This was particularly true if the horses were
restless, bothered by flies, or disinclined to stand with their limbs square.
"Heart score" values varied from 84.6 to 131.3, with a mean value of 107.4 and standard deviation of 12.95
(see Table 3.1). There was no statistically significant relationship between "heart score" and TVM
(Figure 3.1), LVM (Figure 3.2), RVM, BHT or age. No significant correlations were found between
these parameters after logarithmic transformation of the data. There was no statistically significant
difference in "heart score" in horses of different sex. A weak positive correlation (r = 0.366, p <0.05) was
found between "heart score" and BWT (Figure 3.3).
The "backward vector" varied from 0 to 122%, with a mean value of 41.0% and standard deviation of
31.54 (see Table 3.1). There was no statistically significant relationship between "backward vector" and
TVM (Figure 3.4), LVM (Figure 3.5), LVM/RVM ratio (Figure 3.6), BWT or BHT, or age.
No correlation was found between the electrocardiographic measurements and LVFWth, IVSth, LVDd
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The "heart score" system
The results of the current study are not in keeping with those of Steel and co-workers, who found a
strong correlation between heart weight and "heart score" in 55 TB and Standardbred horses (r = + 0.924,
p <0.01) (Stewart and Steel 1970). In contrast, in the 38 TB horses investigated in this study, low
correlations were found between "heart score" and TVM (r = + 0.253, r 2 = 0.064) and LVM (r = + 0.284,
r2 = 0.081), with no significant relationship between the two values.
In addition to the theoretical weaknesses in the ECG methods of heart size estimation, a number of
practical obstacles limit the value of techniques that rely on measurement of QRS duration and
amplitude.
1. The technical problem of obtaining artefact-free traces using limb leads in unco-operative horses with
distractions such as flies and other horses may be difficult to overcome. In particular, it can be difficult
to get horses to stand with their feet exactly square and this may lead to alterations in the QRS complex
(Hill 1968, Fregin 1982). "Heart score" values may change in the same horse within a short period of
time (Illera and Illera 1987). No reproducibility studies on the technique have been published.
2. Measuring QRS duration to the accuracy suggested by Steel and co-workers is difficult when the end
point of the complex is unclear. The normal slur of the ST segment of the ECG makes measuring QRS
duration difficult (Grauerholz and Jaeschke 1986). Gross and others (1974) found that they could not
measure with any degree of accuracy to the 10 msec reported by Steel and others, even at 50 mm/sec
paper speed. Stewart's response to this criticism was that such a degree of accuracy should be within the
scope of "experienced and competent electrocardiographers" (Stewart 1981). He suggested that
recording the ECG at faster paper speeds made the technique less accurate because it was more difficult
to pin-point the beginning and end points of the QRS complex (Steel and Stewart 1974)!
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A number of factors may have affected QRS duration. Fagard and others (1983) have shown that in
human athletes it can be affected by the degree of training. This measurement is also influenced by
distance between ventricular wall and body wall (Horton, Sherber and Lakatta 1977, Battler and others
1980) and day-to-day variation in some instances (Cawood and others 1974). Age, sex and breed of
horse may affect the QRS duration (Fregin 1982, Matsui and others 1983). The R-R interval and phase
of respiration may also affect the ORS complex (Miller and Holmes 1984b, c). The position of the heart
within the thorax will also affect the surface ECG (Ross and others 1990). Alteration of the position of
the IVS relative to the body surface could possibly account for changes in the cardiac vector and heart
score" in animals with big hearts. None of the horses examined in the current study were in training and
previous exercise induced hypertrophy is likely to have regressed (see Chapter 2). Some differences
between the current study and those of Steel and co-workers may be due to the small range of heart
weights in the current study in comparison to those examined by Steel. However, the range of "heart
scores" in the present study was large and the maximum value (131.3) would have been among the
highest recorded by Steel (1963). It is possible that inclusion of horses with excercise induced
hypertrophy in the current study would have provided valuable additional information, but it is unlikely
that this would affect the conclusion that there is no correlation between mean limb-lead QRS duration
and heart weight.
The procedures reported in previous studies may differ from those of the current investigation. The
exact method of heart weight measurement was not described in the papers by Stewart and Steel (1970),
Steel and Stewart (1974), Steel and others (1976) and Stewart (1980) and it may not have been carried
out in a consistent fashion. However, it is unlikely that the added weight of the atria would have made
enough difference to the correlation between "heart score" and heart weight to have accounted for the
discrepancy between results of the current study and those of Steel and co-workers.
Y lead QRS analysis
The current study demonstrates that there is a wide variation in the Y lead component of the cardiac
vector in normal horses. This variation is not associated with TVM, LVM or LVM/RVM. The largest
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caudal/cranial component of the cardiac vector recorded in this study was greater than that for all but
two of the 190 horses examined by Holmes (1976). Horses with clinical abnormalities did not constitute
part of the present study because too few cases were available for post-mortem examination to allow
meaningful comparison of electrocardiographic, echocardiographic and post-mortem measurements.
Similar factors would affect the Y lead QRS complex as those previously discussed in relation to "heart
scores". Cranial or caudal movement of the position of the heart in relation to the body surface could
have had a marked effect on the Y lead QRS complex. Although Holmes's work (1976) might suggest
that horses with left ventricular volume overload have typical vectorcardiographic changes, if the overlap
with the normal population is too large there will be little place for the use of the technique as a
diagnostic tool.
CONCLUSIONS
The electrocardiographic methods of "heart score" and Y lead "backward vector" were of no value in
estimating heart size in the horses examined in this investigation. A better method of estimating heart
size in vivo would make a valuable contribution to clinical equine cardiology.
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CHAPTER 4
EQUIPMENT AND PROCEDURES IN EQUINE ECHOCARDIOGRAPHY
SUMMARY
Ultrasound equipment suitable for two-dimensional and guided M-mode echocardiography in horses
was chosen on the grounds of a number of criteria. These criteria and the specification of the
equipment selected are described. Preparation of the patient was an important aspect of obtaining
quality echocardiographic images. The examination methods used in the experimental studies
described in later chapters are discussed.
INTRODUCTION
The ability to obtain a high quality echocardiographic recording is probably the most important factor in
determining how useful an echocardiographic examination will be (Feigenbaum 1986). A wide range of
ultrasound and recording equipment is now available and appropriate selection of equipment is essential
to allow good quality images to be obtained within the limits imposed by the subject species, additional
imaging requirements and budget. The equipment purchased for the project was chosen, within limited
financial constraints, to meet the specific requirements of the quantitative experimental studies described
in later chapters.
Production of consistently high quality echocardiographic studies also requires considerable learned skill
in handling the transducer and setting the machine controls and depends on suitable patient preparation
and handling.
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Dedicated M-mode machines have now largely been replaced by real-time two-dimensional (2DE)
sector imaging machines which can perform M-mode studies guided by the 2DE image, so 2DE sector-
scanners only are considered in the course of this report.
In this chapter the requirements for equipment and methods of equine echocardiographic examination
are described. The advantages and disadvantages of the ultrasound machines and video recorders used
are discussed. This review gives a guide to the requirements for producing high quality
echocardiographic images in the horse which will be useful to novice echocardiographers and to imagers
selecting equipment for on-line and retrospective quantitative and qualitative echocardiography.
Literature review
Historical landmarks in the development of cardiac ultrasound were described in the main literature
review. Ultrasound machines are now available which are aimed specifically at the veterinary market. In
addition, many machines designed for use in humans can be used for a variety of veterinary applications.
Several authors have reviewed the technology of ultrasound equipment (Herring and Bjornton 1985,
Powis 1986, Bentley and Dyson 1991) and its use in veterinary medicine (Rantanen and Ewing 1981,
Rantanen 1986b, Allen and Stone 1990, Dyson 1991, Reef 1991b, Barr 1992). The criteria for selection
of equipment for equine echocardiography have been discussed by O'Callaghan (1987), Reef (1990b),
McGladdery and Marr (1990) and Reef (1991c). These reports highlight the importance of sector-
scanners to allow the echocardiographer to direct the ultrasound beam through the small acoustic
windows. Low frequency transducers of 2.0-3.0 MHz, which produce sound waves of sufficient power to
penetrate the chest in adult horses so that the entire heart can be imaged, are recommended. However,
the features of ultrasound machines specifically designed to aid quantitative studies and video recorder
technology have seldom been discussed.
Preparation of the patient has been discussed by a number of authors and is an important consideration
in echocardiography examinations. Rantanen (1986a) described echocardiography in horses without
clipping hair from the areas of transducer contact. Most authors clip the hair and clean the skin with
51
soap solutions or surgical spirit prior to examination (Caristen 1987, O'Callaghan 1987, McGladdery and
Marr 1990, Robine 1990, Voros, Holmes and Gibbs 1991). In addition, Stadler, D'Agostino and Deegan
(1988) recommended the use of depilatory cream. The examinations performed in their study may have
been more difficult than those described in other reports because Warmbloods tend to be bigger and
fatter than Thoroughbred horses and often have a thicker hair coat.
MATERIALS AND METHODS
Subject material
In order to provide the operator with sufficient experience to produce consistently high quality images,
which are necessary for quantitative studies, approximately 40 clinical cases presented to the University
of Bristol School of Veterinary Science were examined using 2DE and M-mode echocardiography over a
six month period, prior to the start of research. The majority of these horses were Thoroughbred (TB)
or TB-cross animals between approximately 400 kg and 600 kg body weight. During this training period,
the requirements of ultrasound equipment for equine echocardiography were evaluated. Further
examinations were carried out in the experimental studies described in previous and subsequent chapters
and in clinical cases after the purchase of new equipment.
Equipment selection
For the initial examination of clinical cases, a Diasonics DRF 100 ultrasound machine (Sonotron Ltd,
Bedford, UK) was used. Due to poor M-mode quality, limited depth range (20cm), a relatively high
frequency transducer (3.5 MHz) and the non-portability of this machine, it was considered unsuitable for
the work proposed for this project. Consequently, other ultrasound machines were considered and four
were selected for detailed evaluation (Aloka SSD-725, Ausonics Microimager 2000, Interspec XL3 and
Kontron Sigma 1 AC).
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Criteria for selection of equipment
A number of criteria were considered in selecting the ultrasonographic equipment:
Selection of machine type
1. A sector-scan transducer was considered essential so that the ultrasound beam could be
manipulated through the acoustic windows to produce a full range of image planes.
2. Mechanical and phased-array sector scan systems are both suitable for equine
echocardiography, but the latter are more expensive to purchase and repair and did not fall within the
project budget.
3. Both B-mode real-time imaging and M-mode imaging options are vital for comprehensive
echocardiographic examination and a facility to guide the M-mode cursor throughout the range of the B-
mode sector is highly desirable. Some machines only allow the M-mode cursor to be positioned in a
limited number of ares across the 2DE sector, which may make the examination more difficult. Duplex
imaging allows simultaneous display of the 2DE and the M-mode image and is a helpful feature.
Phased-array scanners have the advantage that the M-mode and 2DE images may run in real-time
together, while with mechanical sector-scanners the 2DE image is only updated at the end of the M-
mode sweep. The usefulness of the duplex facility is therefore limited with mechanical scanners and may
give a false sense of security about the precise anatomical position of the M-mode cursor. The position
of the M-mode beam should be confirmed by identification of characteristic trace patterns after initial
2DE guidance, but it is inevitable that the range of ambiguity with this system is greater than with 2DB
imaging and may thus be a significant source of error.
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Factors affecting image quality
Image quality may vary significantly from one machine to the next and is one of the most important
criteria in selection of equipment. Some of the more important factors affecting image quality are listed
below:
1.	 Monitor: the size, resolution and quality of the monitor screen will affect the accuracy of caliper
placement for calibration and measurements. Some ultrasound machines have very small built-in
monitors which make quantitative studies difficult. Some monitors are compatible with certain video
recorders and others are not, which may affect the quality of the image in retrospective studies. For this
reason, a separate monitor was used in the quantitative studies as the video still-frame was sharper than
on the built-in monitor. Monitors may distort the shape of the image because of different spacing of the
lines of information.
2. Transducer frequency: low frequency transducers are required for equine echocardiography so
that the ultrasound is sufficiently powerful to penetrate the tissues to the required depth, but there is a
trade-off, as image detail is greater with high frequency transducers because shorter wavelengths
produce specular echoes from smaller targets. A 2.25 MHz transducer was expected to be preferable to
a 3.5 MHz transducer for equine echocardiography, despite the loss of fme detail.
3. Transducer focus: the focus of the transducer crystal is fixed with mechanical sector-scanners
(variable focus is available with phased-array systems). This limits the accuracy of measurements in
areas outside the focal zone by increasing beam width and decreasing resolution. This is usually most
marked in the far-field.
4. Gain controls: a number of different methods of adjusting the gain-curve are available. Flexible
alteration of the controls to allow for the loss of strength of signals at greater depth is important.
S.	 Image resolution: this depends on beam width and gain settings.
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6.	 Depth of display: the maximum depth of field displayed by most ultrasound machines is 24 cm.
This represents a significant problem in examining some animals, because structures on the left lateral
side of the heart may be out of range in a right parasternal view in large horses or in animals with large
hearts.
Frame rate and sector angle: the frame rate of the transducer, i.e. the rate at which information
is updated, is affected by the depth and angle of the image display. Some loss of detail will occur if the
frame rate does not decrease with the larger angles, because the ultrasound lines are then displayed
further apart.
8. Image processing: the way in which the basic ultrasound information reflected by the subject
and received by the transducer is manipulated by the machine to produce an image is called post-
processing. A high-contrast post-processing setting is available on many machines to aid identification of
endocardial and epicardial borders. This reduces fme detail, but textural evaluation of the myocardium
was considered to be of little value in horses at present.
9. Image detail: in addition to the factors described above, the image detail is affected by the
number of lines, samples per line and grey scale of the M-mode and 2DE displays.
Other design features
A number of other design features are important considerations in selection of equipment:
1. ECG: a facility for an ECG display on the ultrasound image is essential if measurements are to
be made accurately at selected points of the cardiac cycle. ECG-gating of the image, which allows
prospective selection of 2DB frames at pre-determined points of the ECG waveforms such as end-systole
and end-diastole, was also considered to be an important facility in selection of the machine.
2. Transducer design: the size of the transducer affects the ease with which it can be manipulated
into the axilla between the chest wall and the forelimb. The size and shape of the transducer "footprint'
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also has a bearing on the ease with which the ultrasound beam can be manoeuvred, but this only
becomes a serious limitation with some flat-faced phased-array scan-heads. The length of the transducer
cable varies from machine to machine; longer cables are desirable for the safety of the machine and ease
of use.
3. Foot switch: a foot switch which allows the echocardiographer to switch from B-mode to M-
mode imaging is exceptionally helpful. A freeze frame foot switch is also useful for on-line measurement
in clinical cases, but less important if measurements are made from video recordings.
4. Portability and robustness: these were important considerations in the purchase of a machine
for the project which involved visiting horses at stables away from the Veterinary School.
5. Software: many ultrasound machines now have sophisticated calculation packages. These are
only as good as the information provided by careful examinations and may not be directly applicable to
the horse. However, the ability to measure cardiac dimensions, including area planimetry, from play-
back was considered essential for this project. This facility is not available on many cheaper machines.
Joy-stick and tracker ball measurement controls are more convenient to use than light pen systems.
Image Recording
Video tape recordings were made of all echocardiographic studies carried out during the project.
Portability of the video recorder was essential. A good still frame facility was required for accurate
measurement of recordings. A Schneider SVC-25 VHS video recorder was used to record the first five
echocardiograms in the experimental study, but produced recordings of poor quality and had an
inadequate still-frame facility for experimental studies. A Panasonic NV-7OHQ VHS video recorder was
used for the subsequent recordings. Granada VHS 180 video tape was used for the first six examinations
in the experimental studies. Fuji VHS HQ 120 video tape was used for all subsequent investigations.
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Choice of machine
An Interspec XL3 ultrasound machine with 4.2 software and a 2.25 MHz transducer (Siel Imaging,
Aldermaston, UK) was selected on the grounds of the closeness with which it fulfilled the criteria
described above, cost, servicing availability and personal recommendation. This machine has a high
resolution 7" monitor. The focus of the transducer is fixed at 55 mm. The manufacturers state that the
axial resolution of this system is 1.5 mm and the lateral resolution is 2.2 mm with optimum gain settings.
The frame rate was 15 frames per second (fps) at a depth of display of 24cm and sector angles of 80° or
1100.
 512 lines with 256 samples per line were displayed with the M-mode imaging, 128 sector lines with
512 samples per line were displayed with the 2DB imaging. 64 grey shades were available with both
modalities. The Interspec XL was reasonably portable and proved to be fairly robust, but some other
machines may be better in this respect.
Examination procedure
Ultrasound examinations were made in a quiet room adjacent to the horses' stables. Horses were held
on a lead-rein and the equipment was guarded by a moveable metal barrier. Some clinical cases and
four horses from the "control" group were temperamentally unsuitable for echocardiography as they
constituted a risk to the equipment and personnel when restrained. No attempt was made to scan these
horses. Horses were not examined close to feeding time.
Hair was clipped from the axillary region on both sides of the chest. In many cases this was often the
most hazardous part of the procedure and in the experimental studies it was performed the day prior to
echocardiography, in the horses' boxes, so that they did not associate the ultrasound room with this
procedure. The skin was cleaned with chlorhexidine solution (Hibitane, ICI Pharmaceuticals) /spirit and
standard low viscosity ultrasound gel (Siel SS sound gel, Siel Imaging, Aldermaston, UK) was worked
into the skin. Ultrasonic contact was maintained using high viscosity gel (Siel SG sound gels
 Siel
Imaging, Aldermaston, UK) in liberal quantities.
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For recordings to be made from the right parasternal position the horse had to be encouraged to stand
with the right fore-leg in advance of the left. It was helpful if the head was held slightly to the right as
this encouraged the horse to transfer more weight to the left leg, abducting the right olecranon from the
chest wall. Manually protracting the horse's right leg was not helpful as it was always resented. On the
left side of the chest the fore-limb seldom interfered with transducer placement.
An ECG cable was secured to the horse by attaching a large bull dog clip, tied to the ECG cable, to the
horse's mane. Crocodile clips were attached to the skin and spirit was used to provide electrical contact.
The ECG was displayed simultaneously with the ultrasound recording. A Y lead (Holmes 1976) with
reversed polarity was used to ensure that R waves were clearly visible on the recording.
Once a suitable ultrasound gain setting was found for each view it was kept the same for all
examinations. A 24 cm depth display was used for all examinations. An 800 sector was used for all views
except the left long-axis view of the LA and, in some animals, planimetry of the myocardial area in the
left short-axis view (see Chapter 5), when a 1100 sector angle was used.
RESULTS
Equipment
The Interspec XL3 proved satisfactory for equine echocardiography. However, in some particularly
large horses the left ventricular free wall and lateral wall of the left atrium were beyond the 24 cm depth
display.
It was found that the ECG-gating facility could not be usefully employed because imaging was more
difficult and it was no more accurate for timing frames than retrospective analysis of the recording with a
good quality video recorder.
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The quality of the video machine significantly affected the quality of the video recordings. In the
subsequent quantitative study (Chapter 6) the first five horses, which were examined using a Schneider
SVC-25 video recorder, had to be excluded because the quality of recordings was so poor. Tape quality
also affected the quality of the recordings. One horse had to be excluded from the quantitative study
because the quality of the recording made on cheap video tape (Granada VHS 180) was poor.
Image quality and freeze-frame stillness with the Panasonic NV-7OHQ \ THS video recorder and Fuji
VHS HO 120 video tape were adequate for subsequent quantitative studies.
Echocardiographic procedure
The echocardiographic method adopted proved satisfactory for consistent recording of the standardised
image planes in the majority of horses in the experimental studies and clinical cases examined. However,
horse temperament was a major limiting factor on the quality of recording and appeared to increase the
length of time taken for the examination in a substantial minority of cases. Some horses could not be
examined safely. Quiet surroundings with no other horses moving close to the subject and experienced
handlers improved the quality of the studies. Horses were not examined close to feeding time when they
became restless.
Image quality was severely restricted in those clinical cases which were obese and was also poor in horses
with "barrel chested" conformation (e.g. Cobs).
It was found that imaging from the right side of the chest was best performed with the left hand but from
the left side it was easier to use the right hand.
The most difficult views to obtain were the right short-axis 2DE views, which in some horses required




A wide range of ultrasound equipment is now available, some of which is specifically aimed at the
veterinary market. The price of this equipment is faffing in real terms. Echocardiography has now
become a technique which is fmancially viable for many veterinary practices, but little information is
available to guide prospective purchasers through the choice of suitable equipment.
The requirements for equipment suitable for equine echocardiography were considered carefully at the
beginning of the project and it was concluded that the most important features of the ultrasound system
were transducer frequency and image quality. In addition, a video play-back measurement aciXity was
deemed an essential feature for the studies described in this thesis, although it is less important for
examination of clinical cases where on-line measurements are likely to be performed. An ECG display
was considered vital. These considerations were largely borne out by experience during the course of the
project.
The ECG-gating facility on the Interspec XL did not result in a B-mode sweep being made at the time of
the setting, rather the sweep being made at the time closest to the setting was recorded. This facility
proved to be of no value as it made recording the examination more difficult and did not add to the
accuracy of frame selection, which could be made adequately from video play-back.
Financial restrictions precluded the purchase of phased-array or annular-array equipment which might
have had some advantages over a standard mechanical sector-scanner. The principal limitation of
standard mechanical sector-scanners is that the positioning of the M-mode cursor cannot be guided by
2DE in real-time and that the transducer focus was fixed. These factors impose limitations on
measurement accuracy due to incorrect orientation of the M-mode beam or poor lateral resolution
respectively. On the other hand, mechanical sector-scanners are less prone to artefacts (e.g. side-lobes).
For area planimetry, Helak and others (1981) have shown that there is no significant difference in the
accuracy of the two mechanical and phased-array scanners in vitro.
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The low frame rate of the transducer at 24 cm depth (15 fps) did not appear to limit image quality in real
time. This is partly due to the low heart rate of horses which results in as many frames per cardiac cycle
as is likely in humans at higher frame rates (eg 30-60 fps at 60-120 bpm) and more than would be found
in small animals. The effect of frame rate on 2DB systolic measurements is discussed in Chapters 5
and 7.
Several problems were encountered in the performance of the Interspec XL ultrasound machine. By far
the most significant of these was the depth display limitation of 24 cm. This prevented imaging of some
structures in clinical cases and quantitative studies. Initially, it was proposed to measure cardiac
dimensions in horses of different breed to compare with those obtained in TB horses (see Chapter 6).
Twelve Irish Draught/TB cross horses were examined. These horses were large (550-650 kg) and obese
and the recording were unsuitable for quantitative evaluation because the left ventricular free-wall was
out of the range of the depth display of the Interspec XL 3 and the images were of poor quality. Some
commercially available machines have a depth display of 27 or even 30 cm, which is a significant
advantage, especially in cases when measurement of the degree of cardiomegaly is a vital part of the
examination.
The Interspec XL 2.25 MHz transducer was quite large and was therefore difficult to manipulate in the
axilla if the horse resented holding the right fore leg extended forward. Pushing on the transducer/cable
junction in order to angle the contact surface of a large transducer caudally is probably the most likely
way to cause damage.
Much of the calculation software was irrelevant to veterinary use although it was a feature frequently
emphasised in sales promotion.
The ASE guidelines on quantitative 2DE (Schiller and others 1989) recommend that each machine is
checked against a phantom of known dimension to confirm the accuracy of the measurement system.
This was not performed in this study and it is possible that some differences in measurements between
different centres of work will be caused by calibration errors rather than a real difference.
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A phantom would also have been useful to aid the investigation of the limits of lateral resolution at the
large depths used in this study (24 cm). As this may differ markedly from the manufacturer's stated
resolution it would have been interesting to quantify the effect that this might have on subsequent
measurements, although the effect is only likely to be important for planimetered areas because the
linear measurements were principally made in the axial dimension (see Chapter 6).
The shape of the 2DE image could be altered depending on the video monitor used. Some monitors
appeared to stretch the image in the lateral dimension compared to the built-in monitor. It was assumed
that the built-in monitor more accurately displayed the real shape of the imaged structures. This factor
might affect frame selection, which assumed that images with a circular ventricular lumen represented
the coronal section most accurately. However, as the software for measurement of the image is internal
the apparent distortion of the image would not have affected the accuracy of measurements.
Video recorder technology was a limiting factor in quantitative use of 2DB in its early days (Feigenbaum
1982). Significant improvements have been made since then which have enabled quantitative studies to
be made from previous recordings of 2DE examinations. One of the principal requirements for a video
recorder for use in making retrospective measurements from video play-back is a slow forward/back
jog/shuttle button and a high quality still frame. The quality of the still-frame is one of the most
significant factors affecting the ability to make accurate measurements and a good freeze-frame facility is
essential (Schiller and others 1989). The inadequacy of this facility on the Schneider video recorder
prevented its use for retrospective measurements. The still-frame facility on the Panasonic NV-7OHQ
machine was adequate. An accurate frame counter would also be a useful feature of a video recorder,
especially for evaluation of reproducibility of analysis. Unfortunately a recorder of this type was not
within the budget of the work for this thesis. A slight tremor on the still-frame on the built-in monitor
with the Panasonic NV-7OHQ made positioning of the cursor for calibration difficult. The use of another
monitor eliminated this problem and this monitor was used for calibration and M-mode measurements,
but not for 2DB measurements because of the lateral distortion described above. In retrospect, the
additional cost of a video recorder with a frame counter and the best still-frame available would have
been justified. Digital disc storage of echocardiographs may soon be the best method of storage and
62
play-back. Ultrasound machines which have a cine-loop facility are useful for on-line measurements as
they provide the ability to recall moving images without a video-recorder. Cine-loop is therefore a very
useful feature of a machine for clinical use.
The quality of the video tape also affected the use of recordings for measurement. The cheaper video
tape used was inadequate and the use of high quality tape is advisable.
Echocardiographic procedure
The temperament of the horses affected the quality of the echocardiographic studies. This is an
unavoidable problem with some horses, but patience and perseverance resulted in satisfactory recordings
in the majority of cases. Examination was greatly facilitated by experienced horse handlers.
The use of depilatory cream has been reported to improve image quality (Stadler, D'Agostino and
Deegan 1988), but in the current study, images of high quality were obtained simply by clipping hair with
an Ostler number 40 blade. When fine-haired horses were examined, such as TB racehorses in training
(Chapter 13), satisfactory images could be obtained without clipping, if the hair was thoroughly cleaned
with hibitane/spirit and contact gel was allowed to soak in before examination. In some clinical cases
where hair-coat was thick and the temperament of the horse or owner prevented clipping, the image
quality was poor.
Horses were not sedated for examination because it was thought that this might affect echocardiographic
measurements (see Chapter 9); however, it would have been helpful for clipping and examining some
horses. Carlsten (1987) suggested that sedation did not improve the quality of echocardiographic image,
but its use might be justified for horses in which examination would otherwise be impossible.
Stocks were not available for the experimental studies described in later chapters, but their use for
clinical cases has demonstrated their value in facilitating echocardiographic examinations.
63
CONCLUSIONS
Selection of ultrasound equipment for equine echocardiography should be based on image quality,
transducer frequency, depth of display, ECG display, convenient foot switches and software which
provides relevant calculations.
The accuracy of measurements made from retrospective studies is profoundly affected by the quality of
the video recorder and tape used.
Patient temperament may influence the production of an acceptable image. Adequate restraint facilities
and experienced handlers greatly facilitate the examinations.
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CHAPTER 5
TRANSDUCER POSITIONING TO OBTAIN STANDARDISED
ECHOCARDIOGRAPHIC IMAGE PLANES
SUMMARY
Standardised imaging planes based on intracardiac anatomical landmarks, suitable for quantitative
and qualitative two-dimensional and guided M-mode studies, were defined at the outset of the project.
The transducer positions required to obtain these imaging planes were then described in terms of
transducer location and angulation in relation to the body surface and the degree of rotation of the
scan-head.
INTRODUCTION
M-mode echocardiography can produce an infinite number of one-dimensional 'ice-pick" views of the
heart; two-dimensional echocardiography (2DE) can produce an infinite number of image planes. There
is therefore a need for standardisation of beam position in order to aid recognition of landmarks and
facilitate communication between workers. In quantitative studies, regardless of the type of
measurement, a standardised approach is needed so that accuracy and reproducibility are optimal
(Schiller and others 1989). This will allow consistency of method both between different horses, in the
same horse on different occasions and between different echocardiographers. Meticulous attention is
required in order to obtain correctly orientated imaging planes in relation to internal landmarks (Schiller
and others 1989). In clinical situations, planes of view can be "lesion orientated", but if this approach is
adopted exclusively, abnormalities may be missed. A standardised examination procedure should
therefore be followed routinely.
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The orientation of M-mode echocardiography views is traditionally directed by recognition of the
characteristic motion of valves and chamber walls and a knowledge of cardiac anatomy, imaged from a
fixed transducer location (Feigenbaum 1975, Bonagura 1983). 2DE allows the demonstration of cardiac
internal anatomy in tomographic planes which are easier to understand than M-mode images,
particularly when viewed in real-time. Thus, not only is subjective assessment of the heart easier, but the
exact orientation of the beam in relation to cardiac structures can be determined. Measurements can
therefore be made directly from the 2DE image, or the M-mode cursor can be guided accurately by 2DE
and measurements then made.
In comparison with man and small animals, the positions from which 2DE views of the adult equine
heart can be obtained are limited. The principal limitation is that no true equivalent to the apical
position is possible in the horse because the acoustic windows are restricted by the sternum.
Consequently, the only long-axis views of the heart obtainable in the adult are parasternal, with the long-
axis of the heart either perpendicular or oblique to the axis of the beam. In addition, the true cardiac
apex is obscured from the parasternal long-axis view by the sternum thus preventing measurement of the
length of the left ventricle (LV). The limited acoustic windows in horses make measurement of the left
atrium (LA) particularly difficult. Apical views are routinely used for measurement of LA dimensions in
humans (Schabelman, Schiller and Ports 1978, Schabelman and others 1978, Feigenbaum 1986).
Parasternal views of the LA in the adult horse may not allow clear imaging of the lateral walls, and the
dorsal wall cannot be seen from this position because of lung interference.
In this chapter, standardised image planes (views) suitable for qualitative and quantitative assessment
using 2DE and 2DE guided M-mode echocardiography in the horse are described. The exact transducer
positions required to obtain specific views were guided by the internal cardiac landmarks that defmed the
view, rather than the position of the transducer on the chest wall. The transducer positions required to
obtain these imaging planes are then described in terms of transducer location and angulation in relation
to the body surface and the degree of rotation of the scan head. By describing the image in detail, more
accurate positioning of the beam was possible than with the general positional guide-lines previously
described. Theoretically, this method is better than describing planes only in terms of external
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landmarks because a variety of image planes can be obtained from the same intercostal space and
because individual variation may result in a difference in the position of cardiac structures in relation to
the rib cage in different animals.
The results of the study give a useful guide to methods of obtaining consistent image planes which were
required for subsequent quantitative investigations and which will be useful to novice equine
echocardiographers.
Literature review
In human medicine, standards for consistent M-mode (Sahn and others 1978) and 2DE imaging and
measurement (Henry and others 1980, Schiller and others 1989) have been established by the American
Society for Echocardiography (ASE). Recommendations for image planes are that structures closest to
the transducer are displayed at the top of the screen, with cranial or dorsal structures on the right side of
the screen in 2DE examinations. Methods for M-mode, 2DE and Doppler echocardiographic
examinations have been widely reported (Feigenbaum 1986, Goldberg and others 1988, Wilde 1989).
M-mode echocardiography
M-mode echocardiographic methods are simple in principle, but can be difficult to perform accurately
and consistently. Bonagura (1983) summarised the principles of the M-mode echocardiographic
examination in domestic animals. Briefly, the basis of the examination is to sweep the beam from the
cardiac apex to the base from a fixed transducer location on the right hemi-thorax (sector scan). Lateral
alteration is then made at each level of the scan to ensure that the maximal true dimension of the imaged
structure has been obtained (a "T scan).
Transducer positions for M-mode echocardiography have received little attention because the procedure
centred on imaging the characteristic motion patterns at different levels by sweeping the beam from a
fixed point (Feigenbaum 1975, 1986). Images were identified principally at the chordal, mitral and aortic
levels. It was originally thought that clear identification of the interventricular septum (IVS) and left
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ventricular free wall (LVFW) was sufficient to ensure correct positioning of the cursor across the true
axis of the ventricle (Feigenbaum 1975, Popp and others 1975). However, it became clear that
transducer placement has a profound effect on dimensions with no appreciable change in the visual
appearance of the imaged structures (Feigenbaum 1975, Popp and others 1975).
M-mode echocardiography has been widely used as a diagnostic aid in equine cardiology. Pipers and
Hamlin (1977) first described the procedure for M-mode echocardiographic examination of the horse
and recorded a range of cardiac dimensions. They validated the technique anatomically by injecting
echo-contrast into the heart through catheters in order to identify cardiac chambers. Their M-mode
methods were adopted by Lescure and Olivier (1980), Lescure and Tamzali (1983a, b, c and 1984),
O'Callaghan (1985) and Paull and others (1987) and were used to establish the range of
echocardiographic measurements of heart size in adult horses. Lombard and others (1984), Stewart,
Rose and Barko (1984) reported the range of these variables in foals, using the same technique.
Equine M-mode echocardiography has principally been performed from the right hemi-thorax through
the third or fourth intercostal space (ICS) (Lombard and others 1984, O'Callaghan 1985), fourth ICS
(Pipers, Hamlin and Reef 1979, Lescure and Olivier 1980, Wingfield and others 1980, Lescure and
Tanizali 1983a, Lescure and Tamzali 1984, Stewart, Rose and Barko 1984), fourth or fifth ICS (Bertone
and others 1987, Reef and Spencer 1987) and fifth ICS (Pipers and Hamlin 1977). However, the effect of
changing ICS on the dimensions measured has not been evaluated critically.
Two-dimensional echocardiography
Yamaga and Too (1984) described the technique of 2DE in dogs, cattle, goats and horses and used
autopsy specimens to demonstrate the plane of the beam in relation to cardiac anatomy. However, their
2DE views were limited by the broad scan-head of the linear-array transducer used in this study. Intra-
cardiac anatomical landmarks and imaging planes for 2DE sector examination in the dog were first
described by Thomas (1984). He examined anaesthetised dogs and validated the technique anatomically
by injecting echo-contrast into the heart through catheters to identify cardiac chambers. He verified the
anatomical position of the imaging planes by placing Steinman pins into the heart along the plane of the
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beam before sacrificing the dogs. Thomas (1984) used the term "paracostal" to describe the position of
the transducer placed in the intercostal spaces either side of the sternum. Subsequent reports adopted
the term "parasternal', derived from human echocardiography (Bonagura, Herring and Welker 1985,
Bonagura, O'Grady and Herring 1985, O'Grady and others 1986) and this term has become almost
ubiquitous. In many ways, the term "paracostal" is more applicable to veterinary species because
transducer locations are moved along the intercostal spaces. In other respects, the report of Thomas
(1984) established the nomenclature used for 2DB in veterinary medicine.
The principles, technique and interpretation of 2DE examinations in domestic animals were reviewed by
Bonagura, O'Grady and Herring (1985), who used nomenclature compatible with the ASE
recommendations. The use of quantitative 2DE in the dog was first described by O'Grady and others
(1986). These authors described accurately their method of measurement in terms of intracardiac
landmarks and timing in the cardiac cycle. 2DE has now become widely applied in small animal
medicine and a committee for echographic standards of the American College of Veterinary Internal
Medicine (ACVIM) has recently drawn up guide-lines for 2DE imaging planes and display conventions
in the dog and cat (Thomas and others 1991), similar to those recommended for humans by the ASE. In
order to produce consistent imaging planes, three transducer locations were recommended: the right
parasternal location (long- and short-axis views), the left apical (caudal) parasternal location (two
chamber and four chamber views) and the left cranial parasternal location (long- and short-axis views).
No agreed guide-lines are available for equine echocardiography, as yet.
Bonagura, Herring and Weilcer (1985) applied nomenclature derived from human and small animal 2DE
to the horse and outlined the principles and methods of 2DE examination. They described the image
planes generated from right and left parasternal long- and short-axis views, but did not describe exact
transducer locations.
Caristen (1987) used a system of equine 2DE examination and nomenclature based on external
anatomical landmarks. He described transducer location which he termed cranial (second or third ICS)
and caudal (fourth or fifth ICS), on the right and left sides of the chest, in long and short-axis planes, and
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described the structures which were visible from each location. His images were limited by a field of
view depth of only 20cm, but the majority of the horses which he examined were fairly small (mean body
weight 469 kg). Transducer positioning and echocardiographic nomenclature based on Carlsten's report
were adopted for use by Stadler, D'Agostino and Deegan (1988), Robine (1990), Voros, Holmes and
Gibbs (1991) and Weinberger (1991). Voros, Holmes and Gibbs (1991) identified intracardiac structures
for measurement, but did not use these landmarks to standardise transducer positioning. Stadler,
D'Agostino and Deegan (1988) used external landmarks to describe transducer positioning for each of a
number of imaging planes, but also recorded the exact location and degree of angulation and rotation of
the transducer required to obtain each view. These guide-lines have acted as a useful reference for other
echocardiographers and have helped to define the position of image plane. However, the exact
intracardiac anatomical location of the image planes was not specifically described. Some leeway in the
position of the plane of the beam is therefore permitted and consequently, there is potential variation in
the measured dimensions of the imaged structures. As a result, the 2DE measurements reported by
Voros, Holmes and Gibbs (1991) and Robine (1990) and the Doppler measurements made by
Weinberger (1991) may not be directly comparable with results from other studies.
A standardised imaging method has also been described by Reef (1990b). She identified the plane of the
beam in terms of the structures visible in each plane in a similar manner to Stadler, D'Agostino and
Deegan (1988), Robine (1990), Voros, Holmes and Gibbs (1990a, 1991) and Weinberger (1991). In
addition, she described a rationale for progression of an examination from a 2DE survey, to 2DE-guided
M-mode measurement and fmally 2DE-guided pulsed-wave Doppler examination.
Later, Long, Bonagura and Darke (1992), using 14 horses, described the range of transducer location,
angulation and rotation required to produce 18 image planes, standardised by the position of the axial
beam and the structures visible. They noted the position of the axial beam in relation to internal
anatomical reference points in the same way that O'Grady and others (1986) have reported in the dog,
which limited potential variation of the plane of the beam for each view further than the
recommendations of the previous reports. These methods (Long, Bonagura and Darke 1992) allowed
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repeatable echocardiographic measurements to be made in horses and their report is the most complete
guide to equine echocardiographic technique published to date.
Doppler echocardiography
For optimum measurement of blood flow, Doppler echocardiography requires alignment of the axial
beam with the long-axis of the inflow and outflow tracts. This presents a particular problem in the horse
because of impracticality of a true apical view. This requirement, by definition, provides the worst 2DE
images of the borders of these tracts because the strongest M-mode and 2DE signals are obtained when
the beam is perpendicular to a reflecting interface. The imaging requirements for Doppler
echocardiography have attracted much attention in veterinary medicine in recent years. The imaging
planes used for Doppler echocardiographic examination in small animal investigations have been
described in a number of publications (Miller and Bonagura 1989, Darke 1990, Kirberger 1990, Brown,
Knight and King 1991, Darke 1991b, Yuill and O'Grady 1991). The imaging requirements for equine
Doppler examination have been reported by Miller and Bonagura (1989), Reef and others (1989), Reef
(1990b) and Long, Bonagura and Darke (1992). The hazards of poor alignment with blood flow are
illustrated by the second of these studies, in which the alignment of the interrogating Doppler beam with
flow was unsatisfactory and may have affected estimation of velocity.
MATERIALS AND METHODS
Subject material
During a six month training period prior to the start of research, approximately 40 clinical cases
presented to the University of Bristol School of Veterinary Science were examined using 2DE and M-
mode echocardiography. The majority of these horses were Thoroughbred (TB) or TB-cross animals
between approximately 400 kg and 600 kg body weight. Standardised imaging planes were established
and the transducer location and the angulation and degree of rotation of the scan-head required to
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obtain these views was recorded to provide guide-lines for later studies. After the purchase of new
equipment, further examinations were carried out on the experimental horses described in previous and
subsequent chapters and in additional clinical cases, using these guide-lines.
Imaging planes and transducer position
Intracardiac anatomical landmarks defming imaging planes suitable for quantitative and qualitative 2DE
and guided M-mode studies were selected on the basis of previous reports in the human and veterinary
literature, advice from experienced echocardiographers and personal experience. These views were
defmed at the outset of the project. During the initial training period, the location of the transducer and
the degree of angulation and rotation of the contact surface required for each imaging plane was noted,
so that guide-lines were available for subsequent examinations. The positions were described in more
detail when new equipment with a lower frequency transducer and greater depth of display was
purchased, and more anatomical guide-lines could be added to defme each view. Additionally, in the last
22 horses examined in the quantitative study (Chapter 6), the identification of the position of the axial
beam (mid-point of the B-mode sector) was used as a method of improving the anatomical specificity of
views in the same way as described by Long, Bonagura and Darke (1992).
Nomenclature and display guide-lines were in line with those described for human 2DE by Henry and
others (1980) and for small animal 2DE by Thomas and others (1991). The terms anterior and
posterior, used in human medicine, were not used in the current study. Orientation was described as
cranial/caudal, dorsal/ventral and right/left. Recordings were made from the right and left sides of the
chest using intracardiac landmarks to guide placement of the transducer. The approximate
cranial/caudal or dorsal/ventral placement of the transducer on the right or left side of the chest was
described as the transducer position (e.g. right parasternal). Standardised image planes from the right
and left side of the chest were termed views. The exact site of the transducer contact surface was
described as the transducer location. The "reference" locations were the locations from which
"reference" views were obtained (see below). The location of the transducer for other views was defined
by the placement of the transducer on the body wall compared with the "reference" location.
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Standardised imaging planes and transducer location
The views obtained in this and subsequent studies were as follows:
Right long-axis views
Right long-axis view optimised for left ventricle and atrium ("reference" view)
On the right side of the chest, the "reference" image plane was a right parasternal long-axis view
optiniised to image the ventricular inlets. The axial beam in this plane transected the basal portion of
the IVS and the chordae tendineae of the posterior mitral leaflet, with the long-axis of the ventricle
approximately perpendicular to the axial beam. The structures imaged in this plane were the right
ventricle (RV), right atrium (RA), tricuspid valve (TV), interventricular septum, interatrial septum
(lAS), and the majority of the LV, mitral valve (MV), LA and LVFW (Figure 5.1). The "reference"
location was the site from which this "reference" image plane could be obtained with no angulation of the
transducer.
Right long-axis view optimised for left ventricular outflow and aortic valve
From the "reference" location the transducer was adjusted dorsally for a view optimised for the aortic
valve (AoV) in long-axis. The position of the axial beam in this view transected the base of the valve with
the long-axis of the left ventricular outflow-tract (LVOT) perpendicular to the axial beam. The
structures imaged in this plane were the RV, RA, TV, IVS, LVOT, AoV and portions of the LV, MV,
ascending aorta and LA. In smaller animals the pulmonary artery (PA) was visible in cross section,
dorsal to the LA and deep to the aorta (Figure 5.2).
Right long/oblique-axis view optimisedforpulmonay valve (right ventricular inflow/outflow view)
From the "reference" location, with the plane of the beam in long-axis, the transducer was adjusted
dorsally for a view optimised for the pulmonary outflow and valve (PV) in long-axis. This view can be
described as a right ventricular inflow/outflow view. The position of the axial beam in this view
transected the right coronary artery, with the aorta in an oblique section. The structures imaged in this
plane were the RA, TV, right ventricular outflow-tract (RVOT), aorta, right coronary artery, PV, PA
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Figure 5.1	 Right long-axis view optimised for LV and atrium ("reference" view)
Figure 5.2 Right long-axis view optimised for LV outflow and aortic valve
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and a portion of the RV and LA (Figure 5.3). The supracristal ridge was visible at different stages of the
cardiac cycle.
Right short-axis views
From the long-axis and oblique projections the transducer was rotated anti-clockwise to produce short-
axis (coronal) echotomograins of the heart. In these views the conventions of the ASE and AC VIM
guide-lines were broken. Cranial structures were displayed on the left side of the screen. This allowed
anti-clockwise rather than clockwise rotation of the transducer, which was more comfortable for the
echocardiographer. The left/right invert facility of the ultrasound machine was not used as it can lead to
confusion. The short-axis views were made at three coronal levels. In all views the position and
angulation of the transducer was adjusted to try to obtain a left ventricular lumen as close to circular as
possible. This was thought to help to identify a true short-axis view (Wyatt and others 1979, Stack and
Kisslo 1980, Hoenecke and others 1982).
Right short-axis view, papillary level
The papillary level was defmed as the level at which the papillary muscles were visible, indenting the left
ventricular lumen, but no chordae tendineae could be seen. The transducer was positioned so that the
whole of the cross-section of the LV was included for 2DE views. For M-mode examinations, the
transducer was often angled cranially from the guide-line position, so that the caudal aspect of the
ventricle moved off the right side of the screen, making it easier to position the M-mode cursor through
the mid-point of the IVS across the true diameter of the ventricular lumen. In this view the structures
imaged were the RV, the IVS, left ventricular lumen and LVFW. A portion of the right ventricular free
wall (RVFW) was also seen (Figure 5.4).
Right short-axis view, chordal level
The chordal level was defined as the level at which the papillary muscles were no longer visible, indenting
the left ventricular lumen, but chordae tendineae were clearly seen; the mitral valve was not visible in its
characteristic "fish-mouth' appearance in 2DE or "M" shape excursion on M-mode and the LVOT did
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Figure 5.3	 Right long/oblique-axis view optimised for pulmonary valve
(RV inflow/outflow view)
Figure 5.4	 Right short-axis view, papillary level
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not come into view. In this view the structures imaged were the same as those seen at the papillary level
(Figure 5.5).
Right short-axis view, aortic valve level
The aortic valve level was defined as the level at which the aortic valve could be seen in circular cross-
section transected by the axial beam, with the valve leaflets creating a "Mercedes-Benz" sign in diastole.
In this view the RA, TV, RV, RVOT, PV and LA could be seen. The coronary arteries (particularly the
right coronary artery) were sometimes visible during part of the cardiac cycle. For optimal M-mode
recordings of AoV excursion, the position of the axial beam sometimes had to be altered by cranial or
caudal angulation (Figure 5.6).
Left long-axis views
From the left side of the chest, long-axis views were optimised to maximise the dimension of the left
ventricular lumen.
Left long-axis view optimised for left ventricle ("reference" view)
On the left side of the chest, the "reference" location was the location in which the transducer was placed
so that the axial beam transected the LVFW dorsal to the papillary muscles but ventral to the tips of the
mitral leaflets, i.e. at the chordal level. The position was further defined by inability to see the RV
lumen. The structures imaged were the LV and the LA (Figure 5.7).
Left long-axis view optimised for left atrium
From the reference location the transducer was moved dorsally to optimise the long-axis view for the
LA, with the axial beam transecting the base of the mitral annulus either side of the left ventricular
inflow tract. The dimension of the annulus was maximised. The same structures were visible in this view
as those in the reference view. An oblique transection of the RA produced a circular lumen directly
deep to the left atrial annulus (Figure 5.8).
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Figure 5.5	 Right short-axis view, chordal level
Figure 5.6	 Right short-axis view, aortic valve level
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Figure 5.7	 Left long-axis view optimised for LV ("reference" view)
Figure 5.8	 Left long-axis view optimised for left atrium
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Left short-axis views
For the short-axis views, the transducer was rotated anti-clockwise, moved dorsally/ventrally and angled
to fulfil the same criteria as for the equivalent views from the right side for the chordal and papillary
level views. The transducer was manoeuvred so that the axial beam transected the junction of the LVFW
and the IVS. In these views the RVFW was seen in the far-field. Cranial structures were displayed on
the right side of the screen in accordance with ASE and ACVIM guide-lines (Figures 5.9 and 5.10).
Rotation and angulation of the transducer
In addition to alteration of location on the body surface, the transducer may need to be rotated or angled
to obtain the standardised image planes. The degree of rotation was described with reference to the "0"
position in which the plane of the sector beam is running in a dorso-ventral direction, with the reference
mark of the transducer at the twelve o'clock position (viewed from the hub of the transducer). Clockwise
rotation was described as positive (+ ye) and anti-clockwise rotation was described as negative (-ye). The
echocardiographer's thumb was placed on the guide mark to facilitate reference to the position of the
beam (Figure 5.11). With the transducer in this position, dorsal structures were displayed on the right
side of the screen, which complies with the recommendations of the ASE and ACVIM committees on
echocardiographic standards (Henry 1980, Thomas and others 1991).
Angulation was defined as 0 when the transducer was perpendicular to the chest wall. The degree of
angulation was graded from 0 to + + + where + + + was the maximum angle (approximately 60°) that
could be achieved while maintaining contact between the transducer and the skin and producing an
acceptable image (Figure 5.12).
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Figure 5.9	 Left short-axis view, chordal level
Figure 5.10 Left short-axis view, papillary level
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Figure 5.11 Rotation of the transducer
photograph showing position of marker button under thumb
diagram showing position of ultrasound beam relative to marker button
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Figure 5.12 Angulation of the transducer
diagram showing the angles 0- + + + used in the text in reference
to dorso-ventral angulation of the transducer
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RESULTS
Imaging guide-lines to help initial placement of the transducer, adopted as a result of the initial
investigations and confirmed during the subsequent clinical cases and the quantitative studies, are
described below and are summarised in Table 5.1. The internal landmarks varied slightly in position in
relation to external landmarks in different animals, further manipulation of the transducer may therefore
be required to satisfy imaging criteria in some horses because of individual variation.
Right long-axis view optimised for left ventricle and atrium ("reference" view)
The right parasternal "reference" long-axis view (Figure 5.1) was obtained by placing the transducer at
the "reference" location slightly dorsal to the olecranon, usually in the fourth ICS. The transducer was
held without rotation (reference marker dorsal at the 12 o'clock position). Slight caudal angulation (0 -
was required in some horses. In a few horses the optimum image was obtained from the fifth ICS,
from which slight cranial angulation was required.
Right long-axis view optimised for left ventricular outflow and aortic valve
The right parasternal long-axis view of the LVOT and AoV (Figure 5.2) was obtained by moving the
transducer to a slightly more dorsal location. Rotation was between + 200 and + 300,
 with slight cranial
angulation (0 - +) and dorsal angulation (0 -
Right long/oblique-axis view optimised for pulmonary valve (right ventricular
inflow/outflow view)
The RV inflow/outflow view (Figure 5.3) was obtained with the transducer in the same location as for
the long-axis view of the AoV. There was a wide degree of latitude in the range of rotation that could
produce a long-axis image of the PV, varying from + 100 to 300. The transducer was angled cranially
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Right short-axis view, papillary level
The short-axis view at the papillary level (Figure 5.4) was obtained by moving the transducer ventrally
from the 'reference" location. The range of dorsal/ventral angulation required was difficult to define
because the intracardiac landmarks for this plane allowed a wider degree of variation than in other
standard planes. Rotation of -80° was required and some caudal angulation (+) was required in many
horses.
Right short-axis view, chordal level
The short-axis view at the chordal level (Figure 5.5) was obtained at the "reference' t location. Rotation of
800
 was required and some caudal angulation (+) was required in most horses. Dorsal/ventral
angulation was not usually needed.
Right short-axis view, aortic valve level
The short-axis view at the AoV level (Figure 5.6) was obtained from a transducer location dorsal to the
"reference' location (as for the corresponding long-axis view). Rotation of -60 to .3()0 dorsal
angulation (0 - +) and cranial angulation (+) was required.
Left long-axis view optimised for left ventricle ("reference" view)
The "reference" view (Figure 5.7) was obtained by placing the transducer at the "reference" location
slightly dorsal and slightly caudal to the olecranon, usually in the fifth ICS. It was held with slight or no
(0 to + 100) clockwise rotation. Slight caudal angulation (0 - +) was required in some horses but no
dorsal/ventral angulation was needed.
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Left long-axis view optimised for left atrium
For the left atrial long-axis view (Figure 5.8), the transducer was moved dorsal to the "reference"
location. It was held with slight or no (0 to + 10) clockwise rotation. Slight caudal angulation (0 -
was required but no dorsal/ventral angulation was needed.
Left short-axis view, chordal level
In order to obtain the short-axis view at the chordal level (Figure 5.9), the transducer was positioned at
the 'reference" location. The transducer was rotated 900 to -100g. Caudal angulation (+) was required.
Left short-axis view, papillary level
In order to obtain the short-axis view at the papillary level (Figure 5.11), the transducer was positioned
ventral to the "reference" location. It was rotated - 90° to -1000. Slight caudal angulation (0 - +) was
required and fme adjustment of dorsal/ventral angulation was needed.
DISCUSSION
The image planes described in the current study are similar to those reported by Reef (1990b) and Long,
Bonagura and Darke (1992). However, several additional image planes were described by Long,
Bonagura and Darke (1992) which were tipped, angled or apical views adapted from the standard 2DE
approach because they were identified as suitable views from which to align the pulsed-wave Doppler
sample volume with blood flow for optimum Doppler echocardiographic measurements. They were
therefore inappropriate for the current study, which concentrated on standard views for 2DE and 2DE-
guided M-mode studies.
The transducer locations, rotation and angulation required for specific imaging planes described in the
current study are also in broad agreement with the reports of Reef (1990b) and Long, Bonagura and
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Darke (1992). The degree of rotation required for imaging of the PV is the most variable guide-line.
Reef (1990b) describes imaging of the PV in a long axis view, while Long, Bonagura and Darke (1992)
describe the right ventricular inflow/outflow view as a short axis view, even though the transducer is only
rotated by 2O0 to ..300 from the twelve o'clock position. In the current study, this view is described as a
long-axis or oblique view because of the range of positions that produce very similar images, and
required rotation of the transducer of between + 100 and .300. The wide variation may be because there
are few intracardiac landmarks to define the view more precisely, the angle of the plane through the
aorta being the only available guide to the degree of rotation.
Reef (1990b) described transducer angulation in terms of identifing a structure on the far side of the
chest at which to direct the beam, in comparison with the 0 to + + + score method used in the current
study and those by Stadler, D'Agostino and Deegan (1988) and Long, Bonagura and Darke (1992). The
relative merits of these different methods are largely a matter of personal preference.
The direction of rotation required for the short-axis views depends on whether or not authors adhere
strictly to the ASE and ACVIM recommendations. Caristen (1987) adheres to the guide-lines for
imaging for all views. The current study and that of Stadler, D'Agostino and Deegan (1988) adhere to
the guide-lines for all except the right short-axis views, when cranial structures are displayed on the left
side of the screen instead of on the right. Long, Bonagura and Darke (1992) adhere to the guide-lines
for long-axis views but display cranial structures on the left of the screen for both the right and left short-
axis views. The choice between these methods depends on what the echocardiographer fmds
comfortable in terms of pronating or supinating the hand holding the transducer. It does, however, have
the potential to confuse those unfamiliar with the structures imaged, particularly for interpretation of
static rather than real-time images.
88
CONCLUSIONS
Standardised views are required for consistent echocardiographic imaging. Meticulous attention to detail
is necessary to ensure correct orientation of imaging planes with regard to internal landmarks.
Descriptions of transducer location and degree of rotation and angulation act as a basis for obtaining the
standardised views. However, further transducer manipulation may be required to obtain the correct
orientation of the image plane to meet the anatomical landmarks required for the standardised views in
individual animals, because of natural variation or the effects of disease.
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CHAPTER 6
MEASUREMENT OF CARDIAC DIMENSIONS USING TWO-DIMENSIONAL
AND GUIDED M-MODE ECHOCARDIOGRAPHY
SUMMARY
Thirty-eight Thoroughbred horses were examined by the echocardiographic techniques described in
Chapter 4. Measurements were made from the standardised image planes using the transducer
positions described in Chapter 5.
Left ventricular diameter, interventricular septal thickness, left ventricular free wall thickness, left
ventricular area, myocardial area, aortic valve diameter, pulmonary valve diameter, chordae tendineae
length, left atrial diameter and left atrial appendage dimension were measured in twenty-nine horses.
Fractional shortening and fractional area change were calculated from these measurements. Variables
were measured from the right and/or left side of the chest, in short and/or long-axis, using
measurements made directly from the two-dimensional echocardiographic image and/or from M-mode
guided by two-dimensional echocardiography.
The results were analysed and used to select the variables which were considered to be most valuable
for quantitative echocardiography. The selected variables were measured in a further nine horses and
used in subsequent quantitative studies.




Measurement of cardiac size is a useful way of establishing the effects of valvular and myocardial disease
on cardiac function. The severity of volume overload estimated using echocardiography can be a helpful
guide to prognosis (Gaasch and others 1983, Feigenbaum and others 1982, Zile and others 1984,
Feigenbaum 1986, Knight 1991a). Echocardiography is the only imaging method which allows
quantification of the effects of cardiac disease in the adult horse by accurately measuring ventricular
internal dimensions. The advent of two-dimensional echocardiography (2DE) has the potential to allow
measurements of cardiac dimensions either directly, or from guided M-mode measurements, with
improved spatial orientation compared with "blind' M-mode studies. Guided M-mode measurements of
chamber dimensions and wall thickness are potentially more accurate than 2DE measurements because
they have better temporal resolution as a result of almost continuous transmission and reception of
ultrasound. 2DE measurements are limited by frame-rate and potential variation in the position of an
interface between frames may limit the accuracy of the technique, particularly for measurements from
systolic frames.
At the outset of the project, no measurement ranges of cardiac dimensions made using guided M-mode
in normal Thoroughbred (TB) horses had been published. The potential for echocardiography to
become an even more useful diagnostic aid in equine cardiology than it has been hitherto, once sufficient
quantitative information is available, was highlighted by O'Callaghan (1987). This author also pointed
out the potential for misinterpretation of quantitative methods when measurements are not made to
rigorous standards.
The purpose of this study was to evaluate the echocardiographic measurement of cardiac structures using
a number of different transducer positions and measurement criteria. The relative values of the different
methods used were assessed in order to select methods which were most appropriate for further studies.
It was considered that the values derived from the study would be a helpful aid as a reference range for
echocardiographic examination of TB horses with suspected cardiac disease.
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Literature review
Echocardiography is a valuable technique for quantification of the effects of disease, drugs and exercise
training on the heart. Experience in human echocardiography has suggested that the technique is
particularly useful in assessing the effects of valvular heart disease and myocardial disease (Feigenbaum
1986, Ewy and others 1990). It has been used in the assessment of the effect of a number of drugs on the
human (Drayer and others 1983, Dunn and others 1987, Leenen and others 1987, Liebson and Savage
1987) and equine heart (Marr 1991). Numerous workers have examined the effects of physical training
on the heart using echocardiography (Morganroth and others 1975, Graettinger 1984, Bullock, Albers
and Hall 1986, Maron 1986).
Several review articles in the human medical and veterinary literature have outlined the principles of
quantitative echocardiography (Sahn and others 1978, Henry and others 1980, Bonagura 1983, Bonagura,
O'Grady and Herring 1985, Schiller and others 1989, Sisson 1989a). If measurements are going to be
accurate and repeatable, strict adherence to established quantitative echocardiographic criteria is
necessary.
A fundamental requirement for evaluation of any imaging technique is a knowledge of the range of
normality. A normal range of measurements for the human heart has been established as a result of
numerous studies (Gerstenblith and others 1977, Gutgesell and others 1977, Henry and others 1978,
Gardin and others 1979, Henry, Gardin and Ware 1980, Schnittger and others 1983, Triulzi and others
1984, Pearbnan and others 1988, Rijsterborgh and others 1989). Similar studies have been performed in
the dog (Boon, Wingfield and Miller 1983, Lombard 1984a, Gooding, Robinson and Mews 1986a,
O'Grady and others 1986, O'Grady 1990, Morrison and others 1992), cat (Pipers, Reef and Hamlin 1979,
DeMadron and others 1985, Fox, Bond and Peterson 1985, Knight 1991b), pig (Pipers, Muir and Hamlin
1978, Gwathamey and others 1989), sheep (Moses and Ross 1987), calves (Amory, Jakovijevic and
Lekeux 1991) and the kangaroo (Sugishita and others 1990).
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Quantitative M-mode studies in horses
Hitherto, ranges of echocardiographic measurements of the normal equine heart have been derived
principally from unguided M-mode studies. Pipers and }{amlln (1977) described the range of
measurements for the left ventricle (LV), left ventricular free wall (LVFW), interventricular septum
(IVS) and aorta in 25 adult horses. This study was performed with unguided M-mode echocardiography
in sedated animals with a mean body weight of 300 kg. Later publications described ranges of cardiac
dimensions in clinically normal pony foals (Lombard and others 1984) and pony and TB foals (Stewart,
Rose and Barko 1984) using this technique. These three studies demonstrated the value of the technique
in measuring cardiac size, but the absolute values are of little value for comparison with those made in
adult TB or TB-cross horses. Cardiac dimensions in 100 unsedated horses of various breeds (mean body
weight 445 kg) were measured by Lescure and Tamzali (1984) using unguided M-mode
echocardiography. They demonstrated a difference in echocardiographic measurements in different
breeds of horse. O'Callaghan (1985) examined 55 adult horses ranging in size from Welsh ponies to TBs
and gave a range of unguided M-mode measurements of left ventricular dimension and wall thickness.
O'Callaghan (1985) also correlated echocardiographic measurements made in vivo with post-mortem
measurement of cardiac dimensions and heart mass. Paull and others (1987) examined 85 adult horses
of different breed, recording the range of variables in horses undergoing endurance training and in
"sedentary" animals. This study showed how a normal range may need to be adapted, depending on the
use of the animal. No correlation between body weight and heart size was made in any of the studies of
adult horses. The range of values produced in these three studies have been the most suitable for
application to TBs until recently.
Quantitative two-dimensional and guided M-mode studies in horses
Kuramoto and others (1989) examined 45 normal adult TB horses, dividing them into groups according
to their age and amount of exercise training. In addition to measuring the dimensions of the left
ventricle (LV), they estimated stroke volume from the 2DE measurements. They suggested that stroke
volume was greatest in the horses which performed best, but they did not describe the measuring
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technique or the formulae used for their calculations. Leadon and others (1991) measured cardiac size
in 630 TB yearlings with 2DE-guided M-mode echocardiography. They used these measurements to
estimate cardiac mass using the formula described by O'Callaghan (1985) and a formula described to
them by Rantanen (personal communication) and found that cardiac size measurements were of no
value in predicting their racing performance as two or three year-olds.
Robine (1990) measured cardiac dimensions directly from the 2DE image in 46 normal adult
Warmblood horses. He used a number of formulae derived from human echocardiography to estimate
stroke volume but did not validate them in horses. Voros, Holmes and Gibbs (1991) correlated
measurements made from 2DE with cardiac dimensions recorded post-mortem. They reported the
range of 2DE measurements made in 22 normal adult TB horses and measured the left ventricular area
in short-axis to generate values suitable for calculation of ventricular volume from the formula that they
had developed from an in vitro study (Voros, Holmes and Gibbs 1990b). Robine (1990) and Voros,
Holmes and Gibbs (1991) compared their results with those reported previously without discussing the
difference in methodology in previous studies.
Recently, Long, Bonagura and Darke (1992) have described cardiac structure size in 26 normal adult
TBs and TB-cross horses measured using 2DE-guided M-mode echocardiography. They specifically
addressed the exact location of the imaging plane in terms of intracardiac landmarks. This allows a more




Fifty-three adult TB horses were available for the study. The history and management of these horses
were reported in Chapter 2. Post-mortem examination was used to ensure that horses were free from
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cardiac disease and to weigh the hearts for correlation with echocardiographic measurements used later
to estimate heart mass (see Chapter 2).
Three horses were excluded from the study because they had evidence of cardiovascular disease and
acceptable recordings were not made in five animals because of unsuitable temperament. Four horses
were excluded from the quantitative studies because they did not go for slaughter or were slaughtered on
a day when post-mortem examination was not possible. Another two horses could not be examined
echocardiographically in the week prior to slaughter and were also excluded. The entire examination of
one horse was not available because of a video recording error.
Thus, satisfactory recordings of echocardiographic examinations were made from 38 horses. The group
comprised 22 females and 16 castrated males aged 3-15 years (mean 7.71 years). Their body weight




Images of the standardised views were obtained and recorded using the equipment and procedure
described in Chapter 4 and the echocardiographic technique described in Chapter 5.
Measuring method
Measurement method generally followed the recommendation guide-lines of the American Society for
Echocardiography (ASE) for human M-mode (Sahn and others 1978) and 2DE measurements (Schiller
and others 1989).
Measurements were made from examinations recorded on video tape. The electronic calipers of the
ultrasound machine were positioned at pre-selected points (see below) and measurements were made in
conjunction with the internal software. The ultrasound machine was recalibrated against the depth
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markers on the recording for each measuring session and for each video tape. An auxiliary monitor was
used for M-mode measurements because the image was sharper and stiller than on the monitor built into
the ultrasound machine. No attempt was made to calibrate the machine against a phantom of known
size as recommended by the ASE (Schiller and others 1989).
Five cardiac cycles were measured for each variable. Measurements were not made from the cycle
immmediately following an incident of second degree atrio-ventricular block.
Border identjfication
The leading-edge to leading-edge technique was used for all M-mode measurements. For 2DE
measurements, the calipers were placed at the black-white interface of endocardial borders for
measurement of left atrial diameter (LAD) and to trace areas (inner-edge (IE) or Penn convention
method). The leading-edge to leading-edge (LE) technique was used for all other 2DE measurements of
linear dimensions such as wall thickness and ventricular dimensions rather than the IE recommended by
the ASE (Schiller and others 1989). For 2DE measurement of aortic valve diameter (A0VD) both the
LE technique and the IE technique were used and the results were compared. Border identification
protocols are shown diagrammaticaly in Figure 6.1 and summarised in Table 6.2.
Timing of events
For M-mode measurements, end-diastole was taken to be the point at which the QRS complex was first
inscribed. End-systole was taken to be the point at which the septum reached its maximum excursion
towards the ventricular lumen. For 2DE measurements, end-diastole was taken to be the first frame
containing the QRS complex, or, for measurement of the left atrium and chordae tendineae, the first
frame showing the point of closure of the mitral valve. 2DE measurements of left ventricular dimensions
at end-systole were made from the frame with the smallest ventricular lumen or the frame immediately




LE-LE = leading-edge to leading-edge method





AGE, WEIGHT AND HEIGHT OF HORSES IN THE STUDY
N	 MEAN MEDIA1 ST DEV	 MIN	 MAX
AGE	 38	 7.711	 7.0	 3.579	 3	 15
WT	 38	 516.9	 515	 47.32	 420	 610
HT	 35	 158.3	 157	 3.65	 149	 166
TABLE 6.2
BORDER IDENTIFICATION AND TIMING
OF MEASUREMENTS IN THE STUDY
STRUCTIJRE	 BORDER	 END-DIASTOLIC END-SYSTOLIC
IDENTIFICATIOI\ TIMING	 TIMING
M-MODE LVD	 Leading edge	 Beginning	 Max excursion
QRS complex	 of septum
M-MODE LVFW & IVS	 Leading edge	 Beginning	 Max excursion
QRS complex	 of septum
M-MODE AoVD
	
Leading edge	 Beginning	 Max opening
ORS complex	 of valve
M-MODE LAAI)
	 Leading edge	 Beginning	 Max size
QRS complex
2DE LVD	 Leading edge	 Beginning	 Mm LV lumen
QRS complex	 size
2DE LVFW & IVS
	
Leading edge	 Beginning	 Mm LV lumen
QRS complex	 size
2DE AREAS	 Inner edge	 Beginning	 Mm LV lumen
QRS complex	 size
2DE AoVD	 Leading edge	 Beginning	 Max opening
& inner edge	 QRS complex	 of valve
2DE PV	 Inner edge	 Beginning	 Mm LV lumen
QRS complex	 size
2DE LAD	 Inner edge	 Closure of MV	 Mm LV lumen
size
2DE CT
	 Black/white	 Closure of MV	 Mm LV lumen
interface	 size
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2DE measurements of AoVD were made at end-diastole and from the first frame in which the valve was
fully open. This corresponds with measurement of AoVD using M-mode which was made at end-
diastole and at the maximum excursion of the valve leaflets forming the aortic "box'. This point is
described as systolic but, unlike the other systolic measurements made, it is not end-systolic. The timing
points described above are shown in Table 6.2.
Measurement positions
Left ventricular dimensions
Guided M-mode measurements of the interventricular septum (IVS), LV and LV free wall (LVFW)
were made at end-systole (IVSs, LVDs, LVFWs) and at end-diastole (IVSd, LVDd, LVFWd) (Figure
6.2) from the right short-axis views at the chordal level and at the papillary level. Guided M-mode
measurements of LVDs and LVDd were also made from the left long-axis "reference" view at the
chordal level and from the left short-axis views at the chordal and papillary levels.
In addition to measurement of the IVS, LVD and LVFW, the LV area (LVA) and myocardial area (the
area bounded by the epicardium, (MyoA) Figure 6.3) were measured at end-systole (LVAs, MyoAs) and
end-diastole (LVAd, MyoAd) from the right and left short-axis 2DE views at the chordal and papillary
levels. For planimetry of the LVA, the chordae tendineae were included in the lumenal area (Figure
6.3). Where small portions of the myocardium dropped out from the image, the myocardium was
assumed to be of homogeneous thickness and the gap was bridged.
The IVS was also measured at its widest point from the right long-axis view optimised for the left
ventricular outflow-tract (LVOT) and aortic valve (AoV) using 2DE.
When M-mode measurements were made from the right short-axis views, the cursor was placed across
the mid-point of the IVS and the mid-point of the LVFW at a point bisecting the papillary muscles in the
papillary plane (Figure 6.4) and a point corresponding to this in the chordal plane (Figure 6.5). 2DE











Figure 6.3 LV and myocardial area planimetry
areas planimetered at end-diastole and end-systole
chordae tendineae are included in the left ventricular luminal area
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Figure 6.4 M-mode cursor position for measurement of LV dimensions
at the papillary level in the right short-axis view
Figure 6.5 M-mode cursor position for measurement of LV dimensions
at the chordal level in the right short-axis view
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When M-mode measurements were made from the left short-axis view at the chordal level, the cursor
was placed across the mid-point of the LVFW at a point just above the left papillary muscle and across
the junction of the IVS and the LVFW (Figure 6.6). At the papillary level, the cursor was placed through
the middle of the left papillary muscle (Figure 6.7). Measurement of the thickness of the LVFW and
IVS was not thought to be appropriate from these views because the cursor crossed the septal/free wall
junction rather than the septum, and the exact position of the cursor as it crossed the LVFW was difficult
to control because it was so close to the transducer. Similarly, LVFW and IVS measurements were not
made with M-mode or 2DE in the left long-axis view (Figure 6.8) because the angle at which the cursor
transected the wall could not be known.
2DE measurements from the left short-axis views were made from the mid-point of the septum to a
point bisecting the papillary muscles in the papillary plane (Figure 6.9) and a point corresponding to this
in the chordal plane (Figure 6.10). This axis therefore corresponds to the minor axis measured in the
right short-axis views but not to the M-mode measurements made from the left short-axis views.
Aortic valve dimensions
M-mode measurements of the aorta were made at the level where the valve leaflets could be identified
during diastole. The left atrial appendage dimension (LAAD) was also measured in this view (Figure
6.11). This measurement has frequently been described as a measurement of LAD in previous studies
(see discussion). 2DE measurements of AoVD were made at the level of the base of the valve, the sinus
of Valsalva (SVS) and the sino-tubular junction (STjct) (Figure 6.12).
Systolic time intervals (STIs) were also measured using M-mode echocardiography. The methods of this
technique and the results obtained are discussed in Chapter 7.
Pulmonaiy valve dimension
The pulmonary valve (PV) diameter was measured across the base of the valve using 2DE at end-
diastole in the right oblique-axis view at the pulmonary level (Figure 6.13).
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Figure 6.6 M-mode cursor position for measurement of LV dimensions
at the chordal level in the left short-axis view
Figure 6.7 M-mode cursor position for measurement of LV dimensions
at the papillary level in the left short-axis view
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Figure 6.8 M-mode cursor position for measurement of LV dimensions
in the left long-axis view
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Figure 6.9 Caliper placement for 2DE measurement of LV dimensions
in the left short-axis view at the papillary level
white crosses mark the measurement points
Figure 6.10 Caliper placement for 2DE measurement of LV dimensions
in the left short-axis view at the chordal level
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FIGURE 6.13
Measurement of pulmonary valve diameter
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Chordue tendineae length
Using 21)E, the chordae were measured in the left "reference view" in long-axis at end-systole and end-
diastole. The dimension of the LV and left atrium (LA) were maximised. One of the electronic calipers
was placed at the insertion of the longest chorda on to the papillary muscle, the other at the point at
which the chorda joined the mitral valve (Figure 6.14).
Left atrial diameter
In addition to M-mode measurement of LAAD from the right short-axis view at the aortic level, LAD
was measured at end-systole and end-diastole using 2DE from the left long-axis view optimised for the
LA. The dimension of the LA was maximised. Measurement was made just dorsal to the annulus. One
of the electronic calipers was positioned adjacent to the dorsal edge of the coronary artery as it passes
along the atrio-ventricular groove on the LVFW. The other caliper was positioned at the border of the
left atrium and the right atrium. The right atrium appeared as a small circular structure in this imaging
plane (Figure 6.15).
Calculation of functional indices
The functional indices of fractional shortening and fractional area change were calculated from
measurements of the LV.
Fractional shortening (FS%) was calculated from the formula:
FS% = LVDD-LVDSx100
LVDD
Fractional area change (FAC%) was calculated from the formula:
FAC% = LVAD - LVAS x 100
LVAD
Statistical methods
Measurements were not related to body weight or height because of the weak relationship established
between ventricular mass and body size, described in Chapter 2.
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Figure 6.14 2DE measurement of chordae tendineae length
white crosses mark the measurement points
Figure 6.15 2DE measurement of left atrial diameter
ill
The statistical values, including mean, median, standard deviation (SD), standard error of mean (SE),
coefficient of variation (CV%) and range were calculated for the study population. The CV% for each
parameter was taken as an indication of the consistency of the measurement. The mean values of
measurements for each structure were compared using analysis of variance. Where significant
differences were found, Student's paired t-test was used to compare the equivalent measurements for
each horse made from different sides of the horse, using 2DE or M-mode, in long or short-axis. The
critical probability for statistical significance was taken at p = 0.05 on a two-sided null hypothesis of no
difference.
The results were analysed and used to select variables which were thought to be most valuable for
quantitative echocardiography. The ease of recording and measuring each of these variables, the
biological significance of differences in measurements and their potential relevance to clinical cardiology
were considered, in addition to assessment of the CV% for each measurement. The selected variables
were measured in an additional nine horses and in later studies.
RESULTS
Problems in measurement
Practical problems limited the number of horses in which all measurements could be made reliably. The
number of horses in which measurements could be made for each variable is shown in the tables.
LVDd, LVAd and MyoAd could not be measured in the right short-axis view in one horse because the
endocardial surface of the LVFW was beyond the range of the ultrasound machine depth display.
LVFWd could not be measured in another two horses in this view because the epicardial surface was out
of range.
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The LVD was only measured from the left long-axis view in sixteen horses because this method was not
thought to be relevant until its use was reported in a study published recently (Kuramoto and others
1989).
2DE measurements were not recorded in the right short-axis papillary-level view in two horses. M-mode
recordings at this level were inadequate for measurement in nine horses. 2DE left short-axis papillary-
level measurements were not adequately recorded in nine horses. M-mode measurements at this level
were not made in thirteen horses.
Accurate M-mode measurements of wall thickness and LVD were subjectively more difficult to make
from the left short-axis views than from the right because the position of the cursor as it crossed the
LVFW was restricted by the available acoustic window. The exact location of this window varies
between individuals. In addition, it was difficult to find a plane of view that excluded the left papillary
muscle but did not include some disruption of the septum by the LVOT.
When MyoAd was planimetered from the right side, it was difficult to ensure that the caudal aspect of
the area was included in the sector display (Figure 6.16). In addition, some drop-out of the image on the
cranial and caudal sides of the ventricle was common due to the oblique angle of the ultrasound beam to
the tissue interface (Figure 6.17). Extrapolation across this drop-cut was not in excess of the 20%
recommended by the the ASE guide-lines. Often, when MyoAd was measured from the left, some of the
area was lost in the near-field. Epicardial and endocardial borders were more easily identified at end-
systole.
The aortic dimensions were not recorded in one horse due to video recording error. M-mode aortic
dimensions were not measured in a further four horses because the identification of endocardial borders
was unclear. LAAD could not be measured in seven horses because it was beyond the range of depth
display. Significant motion of the AoV during pre-systole and systole made identification of borders and
AoV level difficult, especially from the M-mode trace. Lung interference made measurement of systolic
AoVD difficult in some animals.
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Figure 6.16 The caudal aspect of the myocardial area extending out of the
sector in the right short-axis view
Figure 6.17 Drop-out of the cranial and caudal aspects of the epicardium
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Identification of the borders of the base of the PV was difficult and was not felt to be consistent.
Evaluation of the reproducibility of the measurement was regarded as important before the value of this
measurement could be assessed (Chapter 8).
The chordal length was not measured in two horses because the insertion onto the papillary muscles
could not be clearly identified.
Measurement values
The mean values and standard errors of the different methods of measurement of each structure are
shown in Figures 6.18-6.31. The results of statistical comparison of different methods of measurement
(right vs left, M-mode vs 2DE, long-axis vs short-axis) are presented in tables in Appendix 6.1. The
mean values of IVS and LVFW thickness, LVD, AoVD and functional variables are shown alongside
results from previous studies in Table 6.3. The mean values, range, standard deviation and CV% of the
measured variables in the study population are displayed in Table 6.4 and the mean values over five
cardiac cycles for each animal are listed in Appendix 6.2.
When measured by M-mode, mean LVDd at the chordal and papillary levels was notably smaller in the
left short-axis view than in other views. Mean LVDs at both levels was also smaller in this view than in
other views and was larger when measured using 2DE in the left short-axis views than in other views.
LVDd and LVDs were smaller at the papillary level than at the chordal level in all views (Figures 6.18-
6.21). The CV% of the measurements made from different views were similar.
IVSs and IVSd were much larger when measured from the right long-axis view optimised for the LVOT
and AoV than in other views (Figures 6.22 and 6.23). The CV% for this value was also higher than for
other values.
Values of LVFWs and LVFWd were similar in all views (Figures 6.24 and 6.25). The CV% of the
measurements made from different views were similar.
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LVA and MyoA measured at the chordal level were larger from the left side than from the right (Figures
6.25-6.27). The CV% of the measurements made from different views at end-systole and eud-diastole
were similar.
AoVD was largest at the level of the SVS and similar at the base and the STjct. The values obtained
when measured using M-mode in the right short-axis view were mid-way between those obtained at the
SVS and the base and STjct. Systolic dimensions were slightly larger than diastolic at all levels (Figures
6.28 and 6.29). The CV% of the SVS measurements was lower than for those made from different views.
LADs was slightly larger than LADd. Both values were much larger than measurements of LAAD.
FS% and FAC% were consistently and significantly greater at the papillary level than at the chordal level
(Figures 6.30 and 6.31). The highest value for FS% was obtained from M-mode measurement in the left
short-axis view at the papillary level. This value was significantly higher than for all other measurements
except the 2DE measurement from this position. FS% was lowest when measured from the left short-
axis view at the chordal level.
Measurements selected for further evaluation
The measurements selected for further evaluation were:
1. M-mode measurement of LVD, IVS and LVFW from the right short-axis "reference" view
(chordal-level).
2. 2DE measurements of LVA and MyoA from the right short-axis "reference view".
3. 2DE measurements of AoVD at the level of the SVS and the STjct from the right long-axis view
optimised for the AoV, using the leading-edge method and the IE method because it was unclear which
measurement technique was best.
4. 2DE measurements of the PV.
5. 2DE measurements of the LAD from the left parasternal long-axis view optimised for the LA.
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DISCUSSION
Theoretical factors which affect the accuracy of echocardiographic measurements, including the
influence of methods of identifying end-systole and end-diastole and border selection, are discussed in
more detail in Chapter 8 (Sources of error in echocardiographic measurement). A study of the
reproducibility of measurements including an analysis of intra- and inter-observer variability is also
discussed in Chapter 8.
Accurate measurement was dependent on strict application of the imaging guide-lines described in the
previous chapter. Some publications reporting quantitative measurements in horses do not accurately
define the image plane (Robine 1990) or specifically describe the measurement guide-lines used (Paull
and others 1987, Kuramoto and others 1989, Leadon and others 1991). This limits their usefulness,
particularly in a species in which no published agreed imaging and measurement protocol is available.
Left ventricular dimensions
At the chordal level, M-mode and 2DE measurements from the right 'reference" location were
practically identical. Significant differences were found between some measurements of LVDd and
LVDs measured from different views (Appendix 6.2). However, where the differences between the
mean values are small, they are unlikely to have any biological significance and consequently, despite
being statistically significant, would have no bearing on the use of the measurements in a clinical
situation. LVD was so similar in all the anatomically corresponding axes measured by M-mode or 2DE
that any of these measurements could find clinical application. Where differences do occur, the
measurement ranges given are still of value provided that these differences are taken into account. The
range of values made from different imaging planes may be useful in those horses in which measurement
from one or other side is precluded or if the depth display of the equipment is limited.
Several reports have compared the results of different workers (Lescure and Tamzali 1984, Robine 1990,
Voros, Holmes and Gibbs 1991); however, measurements made in different studies may not necessarily
be comparable because of the different horse populations. For example, the adult horses studied by
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Pipers and Hamlin (1977) and O'Callaghan (1985) were much smaller than those in later studies
including the current investigation (Lescure and Tamzali 1984, Paull and others 1987, Kuramoto and
others 1989, Leadon and others 1991, Voros, Holmes and Gibbs 1991, Long, Bonagura and Darke 1992).
The values published by Robine (1990) are larger than those of any other study. The horses examined by
this author were much larger than those used by other workers (mean body weight 594 kg). The LVD
measurements in the current study are remarkably similar to those reported by Long, Bonagura and
Darke (1992). Mean body weights of the horses examined in these two studies were identical.
The results of investigations are also likely to differ as a result of variation in echocardiographic method.
The values of cardiac dimensions reported by Lescure and Tamzali (1984) and Paull and others (1987)
were smaller than those in the current study and that of Long, Bonagura and Darke (1992), although the
horses examined were only slightly lighter. It is possible that some of these differences were a result of
unguided M-mode measurements being made across an axis either side of the true minor axis (and
therefore smaller).
In addition to dissimilarities in study populations, the 2DE measurements of LVD reported by Robine
(1990) and Voros, Holmes and Gibbs (1991) are not directly comparable with those in the current study
because of differences in measurement methods. Voros, Holmes and Gibbs (1991) measured LVD from
the right short-axis view from one side of the IVS to the other. This may account for the smaller value
recorded in their study compared with the measurements in the current study (11.3 cm cf 11.9 cm, see
Table 6.3). Robine (1990) measured LVD from right long-axis views and used imaging of the maximal
dimension of the LV as the guide for plane selection. This is a more arbitrary method of selection than
the short-axis view in which it is possible to assess correct orientation by obtaining a circular cross-
section corresponding to the true short-axis plane (Wyatt and others 1979, Stack and Kisslo 1980,
Hoenecke and others 1982). Robine (1990) measured some dimensions in an axis oblique to the true
minor-axis of the LV. Furthermore, the guide-lines used in this study for placement of the measurement
calipers were indicated only approximately by diagrams and were not stated specifically, thus leaving
room for ambiguity.
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In addition to the influence of large body size, the LVD measurements recorded by Robine (1990) may
also be larger than those of other studies because of problems associated with consistent positioning of
the electronic calipers from a 2DB long-axis view. It might be thought from the diagrams iii this paper,
that the measurements were made at the atrio-ventricular (AV) junction. It can be difficult to identify
the cut-off point between the mitral level and the chordal level in a long-axis view, particularly where the
IVS and LVFW rapidly diverge close to the AV junction, making reliable identification of the caliper
placement points difficult.
Among the different studies reported, the most direct comparison can be made between the current
study and that of Long, Bonagura and Darke (1992) because both the horse population and
measurement methods were clearly stated and similar. The majority of measurements of cardiac
dimensions in these studies are also similar to those recorded in the current investigation (Table 6.3),
although some differences do occur.
In the current study, measurement of LVD from the right and left side differed significantly. This
finding concurs with the report of Leadon and others (1991), but is at odds with the fmdings of Long,
Bonagura and Darke (1992). (However, when the latter authors examined the differences in a larger
population, they did find a significant difference between these measurements, Long 1992, personal
communication). As the measurement guide-lines used by Leadon and others (1991) were not described
in their study, the difference between right and left parasternal positions may have been due to
measurement of LVD in a different plane and axis from other studies. Both the current study and that
of Long, Bonagura and Darke (1992) attempt to standardise measurement of LVD from the left short-
axis view by ensuring that the M-mode cursor is placed through the junction of the IVS and the LVFW.
This means that the measurement is likely to be more accurately repeatable, but that as it is made across
the ventricle in an axis perpendicular to that measured from the right the measurements will be different,
as shown in the current study.
The M-mode values for LVD recorded from the left short-axis view reported by Long, Bonagura and
Darke (1992) were the only measurements which differ significantly from those in the current study.
While in the current study, LVD measured from this view was smaller than when measured from the
right side, in the study by Long, Bonagura and Darke (1992) it was larger. The disparity in mean LVDd
measured in this view in the current study compared with that of Long, Bonagura and Darke is 6 mm
(11.64cm c.f. 12.25cm). A difference of this magnitude is likely to have a significant influence on clinical
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judgements which may be guided by these measurements. The difference may be due to a number of
factors. Identification of the true chordal level from the left short-axis view may be more difficult than
from the right, leading to more ambiguity. On retrospective consideration, a portion of the left papillary
muscle may have been included in measurement of LVD in the current study. The papillary muscles of
the horse have a different shape to those in man and small animals (see Figure 6.32), being flattened and
extending closer to the heart base. This makes the boundary between chordal and papillary levels more
difficult to identify in the horse than in these species. While the dense chordal structures are not in the
plane of view when the cursor crosses the LVFW between the papillary muscles in the right short-axis
view, the chordae are close to the LVFW at the position at which the cursor crosses the LVFW in the left
long and short-axis views. This could result in a shorter luminal diameter being measured. Interestingly,
the left chordal-level long-axis M-mode measurement in the current study was close to that recorded in
short-axis by Long, Bonagura and Darke (1992). In the current study, no significant differences were
found between the measurements made from the left chordal-level long-axis views using M-mode or
2DE and those from the right "reference' short-axis view. This may be due to inclusion of some of the
length of the LV in the M-mode long-axis measurement. Alternatively, the left long-axis view may allow
better identification of the chordal level than the short-axis view.
Another factor which may have contributed to differences between measurements made in different
views is the slightly unusual shape of the equine LV in cross-section during diastole. While the cross-
sectional area is round in most species, it has a slightly triangular appearance in the horse. The large size
of the LV and the subsequent potential for low wall stress may be. partly responsible for this shape.
As expected, the IVS, LVD and LVFW at the papillary level were smaller than at the chordal level.
Definition of the papillary level was difficult because the range of imaging planes that fulfilled the criteria
for this plane is large. There is no clear cut-off point to the apical limit of this plane. However, despite
the difficulties in identifying the position of the image plane, measurements of LV dimensions at this
level were only slightly more variable than at the chordal level. Papillary level measurements were made
to investigate firstly whether, at this level, LVD could be measured any more reliably than at the chordal
level and secondly, because it might be possible to make measurements at this level in large horses in
which the LVFW was out of range of the depth display at the chordal level imaged from the right
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Figure 6.32 The shape of equine papillary muscles (upper photograph)
compared with those in the dog (lower photograph)
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parasternal position. The papillary level measurement does not, however, appear to offer any advantage
over traditional chordal level measurements.
Statistically significant differences were found between measurements of IVS and LVFW thickness using
different measurement methods. M-mode measurements tended to be greater than 2DE measurements
despite the use of LE-LE technique for both methods. Whichever method is adopted, the inevitable
error in measurement which results from the apparent thickness of the endocardium is relatively more
important for measurement of smaller structures (e.g. IVS and LVFW c.f. LVD).
The most significant difference in wall thickness in different views was that of IVS measured from the
right long-axis view optimised for the AoV, which was markedly greater than from other views. This is
most likely to be due to the fact that the section through the IVS is oblique in this image plane. It is
recommended, therefore, that IVS is not measured in this view.
Planimetry of ventricular and myocardial areas required some acquired skill in directing the calipers, but
the relatively low CV% for these mesurements suggests that they can be made with satisfactory accuracy.
The least consistent of these was measurement of LVAs (CV% 16.8 and 11.7 at the right and left chordal
level), but error in this measurement would be less important in estimation of stroke volume or LV mass
than LYAd or MyoAsS (see Chapter 11). MyoAd would be more easily measured cith a macMne WICII a
greater depth display and at a wider sector angle than 800.
Measurement of aortic valve diameter
M-mode measurement of AoVD is prone to error because of poor identification of anatomical
landmarks. Often only one leaflet can be identified clearly in the right parasternal short-axis view
(usually the left coronary leaflet). Because the aorta is relatively small in comparison with surrounding
structures and no other landmarks identify the imaging plane, there is room for quite marked variation in
the angle at which the M-mode cursor subtends the valve. If the cursor is placed to one side of the true
maximum diameter, no change in the M-mode AoV box may be seen. Furthermore, the level at which
the beam crosses the aorta may vary. There is a marked difference between the diameter of the valve at
the base and at the level of the sinus of Valsalva but the difference in appearance of the M-mode image
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level of the sinus of Valsalva but the difference in appearance of the M-mode image may be very subtle.
It is possible, therefore, that the variations in M-mode measurement of AoVD will be large. Despite this
potential problem, the CV% for M-mode measurement of AoVD was relatively low (7.14% for AoVDs,
6.83% for AoVDd), but nevertheless it was felt that 2DE offered a significant advantage for
measurement of AoVD because of better spatial resolution and landmark identification.
The systolic dimensions of the AoVD were larger than those recorded in diastole; however, the
difference was small and was not considered to be of value as a functional index of cardiac performance.
Systolic dimensions were difficult to record in some horses in which lung interference became a
significant problem during mid-systole. The diastolic dimension is also easier to measure on-line.
Measurement of the AoVD at end-diastole can be difficult in some horses. Atrial contraction frequently
sets the valve in motion, resulting in poor defmition of the endocardial borders at the onset of the QRS
complex. Measurement immediately prior to the P wave might be a more consistent method.
Identification of landmarks for systolic measurements is potentially affected by motion even more.
Because the relative merits of the LE and IE border identification techniques were unclear, it was
decided to evaluate both techniques further. SVS borders were most easily identified, but STjct
measurements were also made because they are probably more appropriate for Doppler estimates of
stroke volume (Gardin and others 1985), and may therefore be useful in further studies..
Measurement of pulmonary valve diameter
PV diameter may be a valuable measurement when Doppler estimates of blood flow through the valve
are calculated and in horses with congestive heart failure which may have significant distension of the
artery and valve (Reimer, Reef and Sommer 1991). Experience of measurement during the current
study suggested that values may be inaccurate due to difficulty in identifying borders. The valve is thin
and not very echogenic in comparison with the AoV, and the structures are obliquely positioned relative
to the incident beam in the right long-axis or oblique views and therefore do not produce strong echoes.
Measurement of valve dimensions from a left oblique view may be preferable because the valve is more
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clearly identified; however, alignment for Doppler measurements would be more difficult. In addition,
this view required placement of the transducer in the second or third intercostal space which was usually
resented by the horse. This was the reason for selection of the view from the right side in the current
study.
Measurement of left atrial dimensions and chordae tendineae length
For measurement of both the LAD and chordal length, the defmition of end-diastole was difficult. It was
found, from initial studies and clinical cases, that the mitral valve may shut after atrial contraction at the
time of the initial inscription of the QRS complex or shortly afterwards. The movement of the valve
annulus during closure can be significant, therefore the first frame containing the closed mitral valve was
selected as the end-diastolic frame, rather than the first frame containing the 0 wave as recommended
by the ASE. The end-systolic frame was the frame immediately preceding early-diastolic opening of the
mitral valve.
The standard M-mode measurement of the LA from the right parasternal short-axis view at the AoV
level is fraught with problems. The M-mode measurement in this view actually records the dimension of
the LAAD, rather than the left atrium, a fact which cannot be appreciated from the M-mode view alone.
This accounts for the differences in the ratio of left atrial size to aortic diameter measured using 2DE by
Voros, Holmes and Gibbs (1991) in comparison to previous M-mode studies (Pipers and Hamlin 1977,
Lescure and Tamzali 1984). Such comparisons are anatomically invalid. Furthermore, in the same way
as for measurement of the AoV, the exact position of the M-mode beam is somewhat unpredictable by
the time that it crosses the LA wall (see Figure 6.33). To an extent, this problem may be overcome by
2DE guidance, but there are no clear landmarks to ensure consistency of this measurement and the
variation is likely to be even greater than for measurement of the AoVD because the LAA is in the far-
field. A particular problem with measurement with the Interspec XL was that the far wall was often
beyond the range of depth display (24 cm). Consequently, it was not possible to measure LAAD in nine
horses. It was often not possible to see the far wall of the left atrium using 2DE in the right long-axis





M-mode measurement of left atrial appendage dimension
showing the potential for variable measurements
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mode measurements of the LAAD. Scattered echoes in the far-field may have been taken to be the LA
wall erroneously, because no clear endocardial surface was visible. If the depth display were sufficient,
then a right parasternal long-axis view might be the best for measurement of the LA, if suitable
landmarks could be established.
The method of measurement of the LA using 2DE described in this study is open to criticism because of
the difficulty in consistently identifying landmarks. Identification of the exact location of the endocardial
borders was not always easy. The near wall of the LA in the left long-axis view could be lost in the near
field even when the image was optimised for the LA. The use of a 1100 field of view reduced this
problem in most horses. The guide-lines in effect mean that the dimension measured is actually the
diameter of the mitral valve annulus rather than the maximum dimension of the LA. More dorsal
landmarks would be closer to measuring the true LA diameter as the chamber is approximately
spherical. However, positioning of the calipers more dorsally may allow them to be located in the
pulmonary veins and produce an erroneously high figure. More dorsal positioning would also be more
difficult because of drop-out caused by interference from lung tissue. For this reason, in later studies,
measurement at end-diastole was preferred to the ASE guide-lines, which recommend end-systolic
measurements. The end-systolic measurements were very clear in some horses but very unclear in
others.
Measurement of LA dimension can thus be an estimate at best; however, it is potentially so useful for the
evaluation of clinical cases with mitral regurgitation that it may still be of value. The mitral annulus may
not dilate to the same extent as the body of the chamber, but any major change in annulus dimension is
likely to be significant. The CV% of this measurement was 6%, suggesting that it can be made with
some consistency. The reproducibility of the measurement was not as good as for other measurements
(see Chapter 8), but nevertheless it is probably of some value.
Chordae tendineae length was measured because this length has been used to estimate length of the LV
for use in calculation of LV volume (Voros, Holmes and Gibbs 1990b), although the measurements in
their study were made in vitro. It was very difficult to identify or define the exact point at which the
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chordae tendineae inserted onto the mitral valve or papillary muscle, or to ensure that the same chorda
tendinea was measured in different cardiac cycles. It was concluded that accurate measurement of
chordae tendineae length in vivo is impractical.
Measurement of functional indices
FS% and FAC% were consistently and significantly greater at the papillary level than at the chordal
level. The highest value for FS% was obtained from M-mode and 2DE measurements from the left
short-axis view at the papillary level. This value was significantly higher than for all other measurements
of FS%. This may possibly have been due to the fact that the LVDd in this position was inadvertently
measured at a point nearer the apex of the heart than in other views, because of problems in identifying
the exact anatomical level (as discussed earlier in this chapter). Aithougn s 'iican differences eñsted
between other methods of measuring FS%, they were small in percentage terms and are unlikely to be of
biological significance once the limitations of resolution are considered (see Chapter 8).
The fact that FS% and FAC% were greater at the papillary level than at the chordal levels appears to be
a real fmding and illustrates the potenüai variations in measurements that may result from inexact
selection of image plane. Positioning of the M-mode cursor across a chord either side of the true minor
axis during systole, so that the papillary muscles were included in wall thickness, might be expected to
produce a relatively greater difference between systolic and diastolic dimensions at the papillary level.
However, 2DE FS% and FAC% were practically identical with M-mode measurements at this level.
The mean FS% recorded in the current study was similar to those recorded previously by most workers
(Pipers and Hamlin 1977, Kuramoto and others 1989, Voros, Holmes and Gibbs 1991, Long, Bonagura
and Darke 1992). However the 2DE FS% measured close to the AV ring and basal part of the septum
by Robine (1990) from a right parasternal long-axis view was remarkably low. The author discussed
possible reasons for this. it is likely that the myocardium close to the AV junction does not move as
much as the bulk of the myocardium. An additional factor may have been movement of the basal section
of the septum away from the ventricular lumen in systole, which has been reported in normal humans
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(Hagan and others 1974). M-mode FS% recorded by Lescure and Tamzali (1984) was appreciably
higher than in other studies. It is difficult to account for this discrepancy.
It would be expected that FS% might be a highly variable parameter in any individual depending on the
combined effects of vagal tone and circulating catecholamine levels affecting heart rate, contractility,
preload and afterload. The effects of altered preload, afterload and contractility are considered in more
detail in Chapter 9 in which the effects of sedation on echocardiographic variables are reported. The
effect of heart rate on functional indices is considered in more depth in Chapter 10 in which the effects
of second degree atrio-ventricular block on cardiac dimensions are described.
When FS% is used as a reference for comparison in horses with suspected cardiovascular disease, the
limitations in its use should be carefully considered. Not only is autonomic tone and heart rate likely to
vary between individuals, but valvular disease may result in alterations in preload and afterload which
tend to increase the FS%. If a condition such as mitral regurgitation (MR) results in a decreased
afterload because of the amount of regurgitant blood flow, FS% will increase and consequently a
decrease in contractility indicative of myocardial failure may not be reflected in the FS% recorded. If
both the systolic and diastolic dimensions are increased in association with MR, stroke volume may
actually be high and FS% normal, but significant myocardial failure may be present. Thus, although
FS% can be considered a useful indicator of myocardial function, it is not, as often assumed, a direct
measure of contractility.
Ejection fraction (EF%) is a useful functional index which is frequently used in human medicine
(Feigenbaum 1989). Echocardiographic estimates of EF% are based on calculations of ventricular
volume, which are derived from a variety of different formulae (see Chapter 11). In the horse,
ventricular length cannot be measured directly and is therefore estimated from measurements such as
systolic and diastolic LVA rather than actual volumes. Because formulae for calculation of LV volumes
are derived from LVA, FAC% will have the same relationship to EF% as estimates made from more
complicated formulae, so FAC% is the nearest equivalent index of cardiac function to EF% which can
be derived from equine echocardiographic measurements. Since myocardial disease is rare in horses, a
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measurement in one plane (such as FAC%) is likely to be representative of global LV function. As with
FS%, EF% measurements made in this manner do not take account of regurgitant fraction and may be
erroneously high.
The thickening fraction of the IVS and LVFW has been reported in some human studies (Maron and
others 1977) and several veterinary reports including investigations in dogs (Boon, Wingfield and Miller
1983, O'Grady and others 1986), cats (Moise and others 1986b), horses (Stewart, Rose and Barko 1984,
Paull and others 1987, Bertone and others 1987) and calves (Amory, Jakovijevic and Lekeux 1991).
Values for wall thickening were calculated in the current study, but were much more variable (CV% 18-
41%) than established indices of myocardial function such as FS% and FAC%, presumably because of
the relatively greater inaccuracies of measuring smaller structures (see Chapter 8). Therefore there
seems little value in the use of wall thickening as an index of myocardial function in a clinical setting.
Selection of measurement methods for further study
M-mode measurement of LVD, IVS and LVFW from the right short-axis reference" view was selected
for further study. The criteria for selection of this method were:
1. The right parasternal view is the established position for measurement of wall thickness and
LVD in small animals and has been widely used in the horse.
2. Compared with 2DE, M-mode Jas theoretical benefits because of superior temporal resolution
of events. Although this was shown not to be significant in the current study, it might influence
measurements at higher heart rates and is one of the reasons that M-mode is the established technique
for measurement of wall thickness and LVD in man and small animals and that it has been widely used
in the horse.
3. M-mode traces are easier to measure at the time of the examination (on-line) because they do
not require the use of a video recorder.
A significant disadvantage of the M-mode method, compared with 2DE, is that it requires greater user
skill and may be more difficult for echocardiographers without the benefit of extensive experience.
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A significant disadvantage of imaging from the right parasternal position is that many ultrasound
machines have limited depth display and it may not be possible to measure LVD or LVFW from this
position in large horses, or in those with cardiomegaly. However, these measurements can be made in
nearly all horses from the left parasternal position. Measurements made from the left side may
therefore be helpful in these situations, provided that the differences between this measurement and that
from the standard right parasternal view are appreciated.
Measurement of ventricular areas was performed from the right side because it was convenient to use
the same image plane as for M-mode measurements. In addition, the measurements were marginally
more consistent (lower CV%) when made from the right side. Again, lack of depth display is a major
limitation of this view. Areas measured from the left side were included in calculations to estimate
cardiac mass so that a formula could be derived for mass estimation from this view where necessary
(Chapter 11).
Other considerations
Measurement of right ventricular dimensions
Right ventricular (RV) diameter (RVD) and RV free wall (RVFW) thickness (RVFWth) were not
measured because of the known difficulties in making constistent echocardiographic measurements of
these structures (Starling and others 1982, Baker and others 1983, Kaul and others 1984, Levine and
others 1984, Feigenbaum 1986). These difficulties are due to a number of factors:
1. The crescent shaped structure of the RV means that a true major dimension is difficult to identify.
2. There are no clear anatomical landmarks to guide measurement.
3. The RVFW is usually lost in the near field when imaged from the right side of the chest and so
RVFW width and RV diameter cannot be measured.
4. The endocardial surface is markedly trabeculated, making identification of the true borders difficult
and the dimensions variable. This problem also makes measurement of IVS thickness difficult. It is a
particular problem with M-mode measurement, when the exact point at which the cursor crosses the
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septum varies between systole and diastole, moving the trabeculae through the line of the beam (see
Chapter 8).
Sahu and others (1978) found in their survey that inter-observer variability of measurement of RVD and
RVFW was of the order of 50%, even when measured from the same M-mode recording. Thus, the
inaccuracy of measuring these dimensions is unacceptable, even without variation due to different
transducer location and respiration.
As an alternative to measurement of RVD and RVFW from the right parasternal position, these
variables were measured from the left parasternal short-axis view by Long, Bonagura and Darke (1992),
avoiding the problems in identifmg structures in the near-field. Even so, these authors found that these
measurements were highly variable (CV% for RVD 23.8% in systole and 36.9% in diastole, RVF'Wth
193% in systole and 16.7% in diastole). Although some of the variation in RVD and RVFW reported
by Long, Bonagura and Darke (1992) may represent real variation, inconsistencies of this magnitude are
more likely to be due to technical difficulties, so it was suggested that these measurements may be of
little clinical value. A preferable method of detecting of RV and RA volume overload may be subjective
assessment of their size relative to other structures, rather than making potentially spurious
measurements.
A good method of evaluating RV changes in disease would be very helpful. Although no evidence of
major changes in RVFW thickness or RVD associated with pulmonary disease in the horse was found in
a study by Dixon and others (1982), dynamic changes would have been undetected in their post-mortem
study. These authors did establish that horses suffering from chronic obstructive pulmonary disease had
a higher RV/LV mass ratio which, it was suggested, was related to pulmonary hypertension caused by
the pulmonary disease (see Chapter 2). 2DE and M-mode echocardiography appears to be of little
practical value in estimating the effects of pulmonary hypertension in the equine heart because of the
small changes seen in clinical cases, although assessment of pulmonary hypertension measured using
Doppler echocardiography may be helpful (Hatle, Angelsen and Tromsdal 1981, Kitabataka and others
1983, Haroutaunian 1991).
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The significance of measurements of cardiac dimensions in clinical cases
The value of the range of measurements of normal cardiac dimensions for comparison with
measurements made in clinical cases will depend on the degree to which these measurements are
changed by cardiac disease. In the light of fmdings in other species, it is likely that echocardiography will
be a sensitive technique for detecting volume overload before signs of congestive heart failure (CHF)
develop. An insufficient number of cases with clinically detectable CHF were available for examination
during the course of the project for meaningful comparison of measurements made in these horses with
those of normal animals. If enough cases with clinical signs of CHF could be assessed and the degree of
cardiomegaly established, this may give some indication of the amount of change that may be seen in
subclinical cases.
In a study of 23 horses with AoV incompetence (Reef and Spencer 1987), LVDd measurements of 2.3
cm or more in excess of the mean value (11.9cm) in the current study were recorded in eleven. Of these,
only two showed clinical signs of heart failure. LVD measured up to 18cm in their study and one clinical
case examined during the course of the current project had a LVDd of 17.5cm. These figures and
clinical experience suggest that detectable variation from the normal range may be expected in cases with
significant LV volume overload. In retrospect, examination of the experimental horses excluded from
the study because of cardiovascular disease might have provided useful additional information; however,
statistical comparison of echocardiographic variables from three horses with cardiac abnormalities,
which were inapparent until auscultation, with the range of values in normal horses, would be unlikely to
be of any value.
The range of measurements reported in this study will be useful for comparison with those made in
clinical cases only if they are recorded using the same method. Where precise measurements cannot be
measured qualitative evaluations may be just as valid (Nilsfors 1991), provided that the observer has
sufficient experience (Rich and others 1982).
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CONCLUSIONS
Comparable measurements of LV dimensions can be made from a variety of different imaging planes
using either 2DE or guided M-mode echocardiography.
The relatively small variation of measurements of cardiac dimensions and indices of cardiac function in a
group of clinically normal horses suggests that quantitative echocardiography may be suitable for
sensitive detection of changes in these variables associated with the effects of disease, drugs or physical
training. The results of this study give a useful range of these variables for comparison with those
recorded from TBs with suspected cardiac disease.
Depth display limited to 24cm prevents measurement of LV dimensions from the standard right
parasternal views in some horses.
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CHAPTER 7
MEASUREMENT OF SYSTOLIC TIME INTERVALS
USING GUIDED M-MODE ECHOCARDIOGRAPHY
SUMMARY
Aortic valve echocardiograms of satisfactory quality for making quantitative measurements were
recorded from 34 clinically normal adult Thoroughbred horses using guided M-mode
echocardiography. Systolic time intervals (left ventricular pre-ejection period, left ventricular ejection
time and the duration of left ventricular electro-mechanical systole) were measured from the
simultaneous echocardiogram and electrocardiogram. The results were compared with those obtained
in previous studies. The principles of systolic time intervals and the value of these measurements are
discussed.
INTRODUCTION
Systolic time intervals (STIs) can provide valuable information on ventricular function which is
potentially useful in the evaluation of individual clinical cases, population studies, physiological
investigations and in the assessment of the cardiovascular effects of drugs. It was first thought that STIs
would be a useful method for measurement of myocardial contractility (Spodick, Dorr and Calabrese
1969, Garrard, Weissler and Dodge 1970, Ahmed and others 1972). However, like the majority of
functional indices, the effects of heart rate, preload and afterload also affect STIs to a greater or lesser
extent and need to be considered (Lewis and others 1977, Weissler 1977, Amend and others 1975, Miller
and Holmes 1984d, Atkins and Snyder 1992).
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STIs can be measured by non-invasive techniques such as carotid pulse tracing or apex-cardiography, or
invasive methods such as intra-cardiac pressure measurement, in conjunction with electrocardiography
and sometimes with phonocardiography. However, the advent of echocardiography has meant that STIs
can be measured non-invasively using this relatively simple and inexpensive technique without the need
for pressure measurements or phonocardiography. Echocardiography is a particularly suitable method
for measuring STIs in veterinary medicine because other non-invasive techniques are difficult to use
accurately in animals (Brown 1977, Pipers, Andryscao and Hanilin 1978, Atkins and Snyder 1992).
Literature review
The concept of STIs was first described by Wiggers (1921), who later reported their measurement in the
dog (1928). However, measurement of STIs did not become a popular method of evaluating cardiac
performance until the 1960s and 1970s. There was a period during which the use of the method in
clinical cases and research was described in numerous publications, which reported both valuable and
apparently contradictory results. These were reviewed by Lewis and others (1977) and Weissler (1977).
One of the earliest uses of M-mode echocardiography was for the measurement of the rate of valve
motion (Quinones, Gaasch and Alexander 1974). However, since then echocardiographic measurement
of STIs has been reported less frequently than other echocardiographic indices of cardiac function.
There are three principal STIs: pre-ejection period (PEP), ejection time (ET) and the duration of
electromechanical systole (EMS). PEP can be divided into electromechanical delay and isovolumetric
contraction time (ICT), but to make this distinction, invasive pressure measurements are required. The
end of ET can be timed from the aortic component of the second heart sound (A2), the incisura of the
pressure trace or the closure of the aortic valve. The latter, measured by echocardiography, is probably
the most direct method (Pipers, Andryscao and Hamlin 1978), although Doppler measurement of the
end of blood flow may be even more accurate. The sum of PEP and ET is the EMS, which is often
termed QS2 (time from Q wave to second heart sound) or QAVC (time from 0 wave to aortic valve
closure), depending on the measurement method. For carotid pulse traces the PEP has to be derived
from the ET and EMS. Both right and left sides of the heart can be investigated but, despite the
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potential usefulness of right-sided measurement, the function of the left ventricle (LV) has been most
closely studied.
Methods of measuring STIs
STIs can be measured by electrocardiography in conjunction with phonocardiograhy and intracardiac
pressure measurement (Lewis and others 1977, Brown and Holmes 1978a). The development of
catheter-mounted pressure transducers such as the Millar catheter which, unlike fluid-filled systems, do
not dampen pressure changes (Brown and Holmes 1978a), allowed more accurate measurement of STIs
than was possible previously. The technique became more readily applicable, particularly to clinical
cases, when non-invasive methods such as carotid pulse measurement became possible. The use of
echocardiography for measurement of STIs meant that they could be obtained simply and non-invasively
(Hirschfeld and others 1975 and 1976, Stefadouros and Witham 1975, Piper, Andryscao and Hamlin
1978, Antani, Wayne and Kuzman 1979).
STIs as indices of cardiac function
STIs have been shown to be of value in the assessment of ventricular function, principally to detect
changes in myocardial contractility. Reduced contractility results in an increase in PEP and a reduction
in ET (Weissler, Harris and Schoenfeld 1968, Spodick, Dorr and Calabrese 1969, Ahmed and others
1972, Lewis and others 1977, Hassan and Turner 1983). STIs have been used to investigate the effects of
positive inotropic drugs, in which the PEP/ET ratio may be particularly valuable (Forester and others
1974, Gross, Pipers and Hamlin 1974, Hassan and Turner 1983, Rousson and others 1987, Stopfkuchen
and others 1987, Atkins and others 1990, Atkins and Snyder 1992). However, many variables may
confound the use of STIs as an index of myocardial contractility.
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Factors affecting STIs
Heart rate can affect PEP, ET and EMS to different degrees and numerous studies have been performed
to investigate the effects of changing cycle length over a range of heart rates. Some studies have shown
that PEP is unaltered by cycle length (Pipers, Andryscao and Hamlin 1978, Spodick and others 1984),
while others report it to be heart rate dependent (Ackerman, Hamlin and Muir 1976, Hirschfeld and
others 1976, Cantor and others 1978, Wanderman and others 1981, Miller and Holmes 1984d). It is
generally accepted that ET is inversely related to heart rate (Weissler, Harris and Schoenfeld 1968,
Garrard, Weissler and Dodge 1970). The ratio PEP/El has been derived because this index is relatively
unaffected by changes in heart rate (Garrard, Weissler and Dodge 1970, Miller and Holmes 1984d),
although some workers report that this ratio is also heart rate dependent (Cokkinos and others 1976,
Pipers, Andryscao and Hamlin 1978). In practice, however, this index is independent of heart rate except
in marked tachycardias. Regression equations have been developed to act as a guide to the range of
normality for STIs at different heart rates (Weissler, Harris and Schoenfeld 1968, Spodick, Dorr and
Calabrese 1969).
The loading conditions of the heart also affect SlIs and must be considered, as they may be responsible
for changes which might otherwise be interpreted to be a result of altered contractility. The effects of
altered preload are unclear; evidence suggests that STIs may (Lewis and others 1977, Buch and others
1980, Hassan and Turner 1983, Miller and Holmes 1984d) or may not (Rankin, Moos and Grossman
1975) be affected, although increased preload augments contractility through the Frank Starling
mechanism (Miller and Holmes 1984d). Increased afterload results in an increase in PEP and variable
changes in El (Amend and others 1975, Hirshleifer and others 1975, Hassan and Turner 1983, Miller
and Holmes 1984d, Atkins and Snyder 1992). It can therefore be difficult to distinguish between the
effects of a decrease in contractility and an increase in afterload. A primary determinant of afterload is
heart rate, because a longer cycle length will result in increased run-off of arterial pressure and a lower
end-diastolic aortic pressure. Consequently, when the R-R interval is increased significantly, the
equilibration of aortic and ventricular pressure occurs earlier and PEP is reduced (Miller and Holmes
1984l). These authors found that ICT (and therefore PEP) was very sensitive to changes in afterload.
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Non-invasive measurement of STIs using echocardiography has provided valuable information about the
effects of vasodilators on afterload (Stern, Matthews and Belz 1984), which would otherwise require
invasive studies.
Age and sex have been shown to be important variables affecting the range of values of STIs in normal
humans (Weissler, Harris and Schoenfeld 1968, Cantor and others 1978, Wanderman and others 1981).
In foals, PEP and ET increase with age from birth to three months (Stewart, Rose and Barko 1984);
however, in this study, heart rate fell by nearly half during this period. They reported that PEP/El
increased in this period, although much of the change may be related to adaptation to the adult
circulation.
Non-myocardial pathological changes may also influence STIs. The changes associated with valvular
disease can be complex. For example, aortic or pulmonary stenosis will result in decreased PEP and
increased El (Lewis and others 1977), (the opposite effect from systemic causes of increased afterload),
which may mask the effects of reduced contactility. In patients with mitral regurgitation (MR), afterload
may be increased by greater sympathetic tone but reduced by valvular incompetence, preload may be
increased due to left atrial volume overload, and heart rate may or not be altered. The confounding
variables make interpretation of STIs difficult in these situations, but they can nevertheless provide
valuable information (Wanderman and others 1976, Lewis and others 1977, Atkins and Snyder 1992).
Ranges of values of STIs in normal humans are available as a guide (Weissler, Harris and Schoenfeld
1968, Cantor and others 1978, Wanderman and others 1981).
Reports describing the measurement of STIs in the veterinary literature
Reports of the measurement of STIs in the veterinary literature have demonstrated their value in the
investigation of cardiac function. STIs have been measured using invasive techniques in the dog (Pipers
and others 1969, Gross, Pipers and Hamlin 1974, Hamlin and others 1974), horse (Sporri 1965, Senta,
Kubo and Sugiinoto 1973, Amend and others 1972 and 1975, Brown and Holmes 1978a, Miller and
Holmes 1984d), and pig (Ackerman, Hamlin and Muir 1976). Non-invasive carotid arterial pressure
measurement is difficult in domestic mammals (Brown 1977, Atkins and Snyder 1992) and apex-
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cardiography has been found to be of little value in the horse (Brown 1977), so the advent of
echocardiography was the first opportunity to measure STIs non-invasively in veterinary species. M-
mode measurement of STIs in the dog was first reported by Pipers, Andryscao and Hamlin (1978) and
later by Calvert and Brown (1986), Atkins, Keene and McGuirk (1988) and Atkins and Snyder (1992).
STIs have been measured using Doppler echocardiography in dogs (Brown, Knight and King 1991).
They have been recorded in normal cats (Jacobs and Knight 1985a), and in animals affected by cardiac
disease (Atkins and others 1990) and systemic disease (Bond and others 1988). The effects of drugs on
cardiac performance have also been evaluated in these species (Crosby, Flamlin and Stranch 1984,
Dunkle and others 1986, and Atkins and others 1990).
Some of the first reports describing the use of M-mode echocardiography in the horse included
measurements of STIs in foals (Stewart, Rose and Barko 1984) and adults (Lescure and Tamzali 1984,
Paull and others 1987). In the past year, Doppler echocardiographic measurement of STIs in the horse,
made from the timing of blood flow, has been described briefly (Young and others 1992), without actual
values being reported. However, the uses and value of STIs were not discussed in detail in these
publications. Recently, the uses and potential value of STIs in assessing cardiac performance in small
animals have been reviewed (Atkins and Snyder 1992).
STIs may provide valuable added information from echocardiographic examinations, with investment of
little extra time, effort or cost. They can be measured in the field with basic echocardiographic
equipment and a moderate amount of acquired expertise. The aim of the work described in this chapter
was to establish a range of normal values for STIs measured using guided M-mode echocardiography in
clinically normal adult Thoroughbred horses (TBs) at resting heart rates. Unfortunately, financial and
ethical restrictions prevented the validation of the method using invasive techniques, or assessment of the
effects of altered heart rate, inotropic factors or loading conditions. The results, therefore, could only be




Thirty-eight Thoroughbred horses were examined echocardiographically in the week prior to slaughter
using the equipment and procedure described in Chapter 4 and the imaging methods described in
Chapter 5. Satisfactory aortic valve recordings were obtained in 36 animals. These horses were aged 3-
15 years (mean 7.6 years) and comprised 16 castrated males and 20 females weighing 420-610 kg (mean
515 kg). All were subject to the same management conditions, as described in Chapter 2. None showed
clinical evidence of disease and all were free from significant cardiac pathological change at post-mortem
examination.
Measurements of LV STIs were made from the M-mode recording of the right short-axis view at the
aortic valve level (Figure 7.1). This permitted clear imaging of the left coronary cusp of the valve but,
because of the tricuspid nature of the valve, the M-mode cursor often fell between the right and non-
coronary cusps and failed to record a clear aortic 'box'. A reversed polarity Y lead ECG was recorded,
which produced a clear R wave. Because the Q wave was seldom large and its origin was unclear, the
measurement of PEP was made from the peak of the R wave. In addition, the point at which the aortic
valve began to move was seldom clear-cut, so measurement was made at the point at which the valve was
fully opened (Figure 7.1). ET was measured fom the point at which the valve was fully opened to its
closure point. EMS was the sum of PEP and ET. If the M-mode cursor was placed too far towards the
apex, the valve appeared to open during the presystolic period because it moved out of the line of the
beam (Figure 7.2). These images were deemed unsuitable for measurement. Measurements were not
made from cardiac cycles following a beat blocked at the atrioventricular node (see Chapter 9), or where
movement artefact obscured the clear identification of the R wave. Except when the cycle length was
very long, measurement of PEP and ET was only made when the whole cardiac cycle and aortic box'
were visible within the same M-mode "frame".
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PEP = pre-ejection period































Figure 7.2	 Pre-systolic motion of the aortic valve
M-mode trace shows downward motion of the aortic valve













Comparisons between STIs and cycle length were made using linear regression analysis. In addition,
STIs were compared with fractional shortening (FS%) and fractional area change (FAC%) (measured
from the right 'reference' view), which are commonly used indices of ventricular performance. They
were also compared with age. STIs in horses of different sex were compared using Student's t-test with
pooled variance. The critical probability for statistical significance was taken at p = 0.05 on a two-sided
null hypothesis of no difference.
RESULTS
The mean values, range, standard deviation (SD) and coefficient of variation for PEP, ET and EMS are
shown in Table 7.1. In addition, the duration of the preceding R-R interval (cycle length) and the ratio
of PEP/ET are given. The mean values of the measurement over five cardiac cycles in individual
animals are shown in Appendix 7.1.
No significant relationship was found between cycle length and PEP or PEP/ET. A significant
relationship was found between cycle length and ET (p < 0.001) and EMS (p <0.0005). The regression
equations describing these relationships and scatter graphs of STIs plotted against cycle length are shown
in Figures 7.3-7.6.
There was no significant relationship between STIs and age. No difference in STIs of horses of different
sex was found.
There was no significant correlation betweeen PEP/ET and F'S% or FAC%.
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The method for measurement of PEP described above differs from those used in previous studies in that
the onset of electromechanical systole was taken from the R wave rather than from the Q wave. This
method was adopted because of the difficulty in identifying the initial inscription of the Q wave
compared with the clear R wave. It was considered that this method would increase consistency, but
would not detract from the value of the measurement because the Q-R interval would largely be
occupied by electromechanical delay. Furthermore, the duration is likely to be reasonably consistent
because the QRS complex does not vary markedly in the horse compared with category A depolarisation
species (see Chapter 3). In addition, the point of full opening of the aortic valve was taken as the end of
the PEP and the beginning of the ET, rather than the point at which the valve begins to open. This
method was also adopted because it was considered that it would be more consistent as this point was
more easily identified. It might have resulted in a larger PEP/ET ratio, but the added accuracy was felt
to outweigh the theoretical limitations.
STIs in the cat have been measured from the motion of the left ventricular free wall (Fox, Bond and
Peterson 1985). This method was not considered suitable in the horse because of the difficulty in
identifying precisely the timing of the nadir and zenith of the wall motion. Ventricular performance is
often assessed from measurement of ventricular dimensions and simple calculations such as FS% or
FAC%. Additional information may be derived from calculation of the velocity of circumferential fibre
shortening (Vcf) from measurement of dimensions and the ET, to give an index of the rate of change in
dimensions. It was considered that measurement of dimensions and ET could not be made accurately
from the same image plane, Vcf was therefore not calculated in the current study because this would
have necessitated making measurements from different cardiac cycles. ET and FS% can both be useful
indices of cardiac function, but there is a danger that calculated indices may be used to aid diagnosis
without consideration of the variability of the measurements from which they are derived.
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Results
The values of STIs obtained in the current study using guided M-mode echocardiography are
comparable with those obtained previously in adult horses (Amend and others 1972 and 1975, Brown and
Holmes 1978a, Lescure and Tamzali 1984, Paull and others 1987). All times were greater than those
recorded by Stewart, Rose and Barko (1984) in foals, but the animals in their study had higher heart
rates.
Owing to the use of different methods, direct comparison of the results of the current study and those
reported in previous publications may not always be valid. For example, Miller and Holmes (1984d)
reported ICT measurements rather than PEP. Nevertheless, the values reported by these authors for the
isovolumetric period were greater than those found in the current study at comparable heart rates. This
could have been a result of different loading conditions (e.g. increased afterload due to the sympathetic
drive caused by the stress of intra-cardiac catheterization). Alternatively, the variation could be related
to different points of recognition of the timing of events. The values for ET reported by Senta, Kubo and
Sugimoto (1973) using fluid-filled pressure measurement systems are much higher than those recorded
in the current study, possibly because of the time-lag and difficulty in identifying the aortic incisura which
is found with this method. Hillidge and Lees (1977) recorded ICT using the derivative of the LV
pressure (dp/dt) to time this period. Even accounting for an electromechanical delay of approximately
25 msec, their values are shorter than the PEP recorded in the current study, and may differ because of
the invasive method used by these workers.
The effects of changes in heart rate, inotropy and loading conditions could not be addressed directly in
the current study because financial and ethical restrictions prevented the use of invasive methods.
However, the results show that it is possible to measure STIs using M-mode echocardiography in horses
and a range of values has been established in clinically normal adult TBs. Assessment of the
repeatability of the measurements is described in Chapter 8 and the effects of altered cardiac cycle
length are considered in more detail in Chapter 10 in which the effects of second degree atrio-ventricular
block on echocardiographic measurements are reported. The effects of changes in loading conditions
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and contractility are discussed in Chapter 9 in which the effects of detomidine hydrochloride on
echocardiographic measurements are described. The results of the current study show that PEP is
unrelated to heart rate, but this is probably because the cycle length did not differ markedly in different
animals. In contrast, Miller and Holmes (1984d) reported that PEP was dependent on heart rate, but
the R-R intervals recorded in their investigation varied by a large amount because they examined horses
with arrhythmias. The values for PEP described in the current study are suitable for comparison with
horses in other investigations within a range of heart rates of 25-40 bpm, i.e. resting levels. The ratio of
PEP/ET was developed to take account of the effects of variable heart rates and may be a preferable
method of detecting changes in contractility. This is principally because PEP will increase and ET
decrease when contractility is reduced and the ratio amplifies the effects of these changes. Regression
equations describing the relationship of ET and EMS to heart rate may have some value for predicting
normal values for these parameters at heart rates above the normal range; however, the use of this
technique to estimate these values outside the range of dependent variables from which the equation is
derived may not be valid.
The contribution of STI measurements in the investigation of equine cardiac disease would be an
interesting subject for further study. In particular, they may be useful to detect poor myocardial
contractility in cases of valvular heart disease, in combination with others indices of cardiac performance
such as FS% and FAC%. In animals with MR, PEP may decrease and ET may fall in advance of other
changes in echocardiographic indices of myocardial function, because the afterload is reduced by the
regurgitation. Later, PEP may increase and ET fall further, indicating the presence of poor myocardial
contractility and warranting an unfavourable prognosis (Lewis and others 1977, Weissler 1977). Little is
known about the prevalence of primary myocardial disease in the horse, principally because accurate,
non-invasive evaluation of ventricular performance was not possible prior to the advent of
echocardiography (Reef 1992). STIs may therefore be a useful tool where myocardial contractility is
suspected to be poor, for example in horses with arrhythmias after viral disease, or in animals exposed to
toxins such as monensin (Reef 1990c). Clinical experience has shown that the aortic valve may begin to
close prematurely (the aortic "box' becomes "kite" shaped) in cases with congestive heart failure and in
some sedated animals, with an increase in PEP/ET. It is possible that
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measurement of STIs will be a useful non-invasive method of investigating the effects of drugs on
afterload as well as contractility.
CONCLUSIONS
STIs can be measured echocardiographically in adult horses, producing similar values to those previously
obtained by invasive methods. These may be of value in assessing cardiac performance provided that the
influence of heart rate and loading conditions is considered.
Further investigations using direct comparison of echocardiographic measurements and invasive
recording of STIs and arterial pressure would be helpful to validate the technique.
Measurement of STIs may be valuable in assessing the effects of drugs and cardiac disease on ventricular
performance in experimental and clinical studies.
The values obtained for systolic time intervals in the current study are suitable for direct comparison with
other echocardiographic studies only if the methods used are the same. It should be noted that PEP was




SOURCES OF VARIABILITY IN ECHOCARDIOGRAPHIC MEASUREMENTS
SUMMARY
The theoretical sources of potential variation of echocardiographic measurements are reviewed.
The repeatability of the echocardiographic measurements reported in previous chapters was
investigated in eleven horses. The results were analysed in order to identity sources of variation,
particularly intra-observer and inter-observer variability.
INTRODUCTiON
The usefulness of a diagnostic method depends in part on its accuracy, but also on its repeatability.
Measurement of the accuracy of a technique is based on comparison of the results obtained with
estimates from methods which are established to be accurate, or absolute measurements, while
repeatability depends on sources of variation in sequential measurements. It is the repeatability of a
technique which will affect the extent of change which can be recognised as true variation in sequential
measurements (Martin 1986). Repeatability will also affect the reliability of the method for comparison
of individual measurements with an established range.
Variation in echocardiographic measurements stems from real differences in the size of cardiac
structures, the technical limitations of the equipment used, differences in recording technique and errors
in making measurements from recorded hard copy. Some of these limitations are unavoidable, but some
are a consequence of the methods used, or are due to human error. If echocardiography is to be a
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valuable technique, it is important that real variations in the cardiac structures and function are detected
sensitively and that other sources of variation are kept to a minimum. This requires a thorough
understanding of the principles of echocardiography and consistent methodology, including strict
adherence to established imaging and measuring criteria. To enable these requirements to be met, it is
important that the echocardiographer has had adequate experience.
The purpose of echocardiography is to obtain information on cardiac structure, size, shape and motion
so that cardiac function can be evaluated. Variations in these measurements may occur in the same
individual because of normal physiological changes, disease or pharmacological intervention. Variation
may occur within a population for the same reasons, or because of genetic influences. Comparison
between individuals may throw light on abnormalities in one individual, but more accurate evaluations
can usually be made by serial measurements in the same animal. To be useful, echocardiography must
be sufficiently sensitive to detect physiologically significant changes and the changes must be understood
so that informed deductions can be made from the fmdings.
Potential sources of variation
Sources of variation within the horse population
One of the principal purposes of echocardiography in a clinical situation is to assess the extent of the
adaptation of the heart to an abnormality by measuring cardiac dimensions. The variation which occurs
naturally within a population will affect the sensitivity with which changes from normality can be detected
in an individual when measurements are compared with a normal range. If there is little variation in the
cardiac dimensions of animals in the population, then random error will be relatively more important
and may be a significant source of error. However, a narrow range of measurements within the normal
population will also allow changes related to cardiac disease to be detected more easily.
The horses examined in the current project were clinically normal, of similar body condition and under
the same exercise regime, and therefore constituted a distinct population suitable for establishing a range
of measurements for comparison with those made in similar horses in clinical situations. Indeed, one of
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the problems in interpreting the results of the studies was that the individual variation was small, so the
variation due to equipment and methodology was relatively larger than it would be in a less
homogeneous group. Consequently, although factors such as body weight are clearly likely to affect
heart size, a small variation in ventricular mass and body size in the study population was partly
responsible for the weak relationship that was found between these variables (see Chapter 2). The range
of measurements produced may not, therefore, be suitable for comparison with measurements made in
other types of horses. This limitation is illustrated by the investigation reported in Chapter 12, in which
the differences between measurements made in racing Thoroughbred horses (TBs) and those recorded
in the "sedentary' animals described in Chapter 6 are compared. There is also a need for normal ranges
of echocardiographic variables to be established in other breeds and conformational types.
Sources of "within-horse" variation
Variation in actual cardiac dimensions and indices of function, within the same animal may be due to
changes in heart rate, preload, afterload or contractility. Normal physiological variations which occur in
these parameters must be understood so that they can be differentiated from changes which are due to
pathological processes or drugs. These issues are addressed in the chapters on the effects of sedation
(Chapter 9), second degree atrio-ventricular block (Chapter 10) and exercise training (Chapters 12 and
13). In the quantitative study reported in Chapter 6, variation in heart rate, loading conditions and
contractility may have occurred in different individuals due to different levels of excitement. This
variation was kept to a minimum by conducting examinations in quiet surroundings and making no
measurements when the heart rate rose above a resting level (45 bpm).
Although variation within an individual is likely to be greatest over a long period of time, some
differences may occur even on a beat-to-beat basis. In order to compare measurements made on
different occasions, every effort must be made to reduce random variations and a sufficient number of
cardiac cycles should be measured in order to minimise the influence of beat-to-beat changes (Gordon
and others 1983).
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Variation in measurements may occur in an individual animal during the respiratory cycle (Robertson
and others 1977, Brenner and Waugh 1978, Lewis, Lewis and Gotsman 1979, Schiller and others 1989)
and also as a result of changes in body position (Martin and Fieller 1979, Wong, Shah and Taylor 1981),
although the effects of body position are likely to be important only for measurements of right
ventricular diameter (Felner and others 1980). The American Society of Echocardiography (ASE)
recommends that measurements should be made at the end of expiration only (Schiller and others 1989),
but this was not done in the current project. Conscious breath control is obviously not possible in
animals and, even in humans, it may constitute an unintentional Valsalva manoeuvre, thus affecting
preload. Clinical experience with echocardiography in horses which had an abnormal expiratory effort as
a result of small airway disease, showed that it can be difficult to obtain good images in these animals,
particularly during inspiration, because of lung interference. Limiting measurements to end-expiratory
cycles would make an examination even more difficult and time consuming in these animals. The
conscious horse can only be examined standing, therefore altered body position was not a potential
source of variation in the current study.
The temperament of an individual animal may limit the accuracy of the examination in such a way that
the image planes obtained are not those which strictly fulfil the established criteria. Unfortunately, this
situation is sometimes unavoidable without sedating the horse and, compared with human studies, this
was likely to have been an important source of variation in the examination of TBs reported in previous
chapters, because these animals were relatively infrequently handled.
The factors which result in physiological changes from the resting state in individuals should be
controlled within limits of practicality. However, variation which occurs as a result of equipment error
and technique is likely to be potentially more significant in making consistent measurements.
Unfortunately, as with all imaging techniques, some sources of error are inherent or unavoidable;
however, every effort must be made to reduce them to a minimum by the correct selection of equipment.
When inaccuracy is inherent or cannot be overcome, for example for financial reasons, the limitations
must be understood and the measurements interpreted with appropriate caution.
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Variation caused by echocardiographic equipment
Resolution
Variation in measurements which results from the equipment used can occur during the acquisition of
the image or its subsequent measurement. The resolution of the image depends largely on the quality of
the sound emitted by the piezo-electric crystal in the transducer. The higher the frequency of the crystal,
the smaller the structure which can produce a specular echo and hence the greater the resolution. For
echocardiography in the adult horse, a low frequency transducer is required; resolution is therefore
inevitably relatively low (see Chapter 4). Lateral resolution is further reduced when structures outwith
the focal zone are measured. This is a particular problem in equine echocardiography, because many of
the structures measured are beyond the range of the focal zone of commercial machines. Beam width
outside the focal zone therefore becomes large and the resolution is likely to be less accurate than stated
by the manufacturers, who usually quote figures which apply to resolution within the focal zone. Once a
mechanical transducer has been selected, the echocardiographer is unable to exert further control over
resolution because focus cannot be altered with mechanical scannners.
Frame rate
Another feature of sector scanners which cannot be controlled directly by the echocardiographer is the
frame rate. This factor may not affect the accuracy of the two-dimensional echocardiographic (2DE)
measurements from any particular frame, but limits the number of frames per second and therefore
temporal resolution. For example, rapid vibration of the anterior mitral leaflet caused by a jet of blood
regurgitating through the aortic valve may not be seen on a 2DE image. It is for this reason that M-
mode measurements may be more accurate. In equine echocardiography, frame rates are often slow
because of the depth of display required and the time needed for the sound to travel to the reflecting
interface and back. Because this is a consequence of the speed of sound in body tissues, the problem is
inherent in the technique. Narrowing the sector increases the frame rate but may make imaging more
difficult. The frame rate can be improved if fewer lines of information are displayed, but this will result
in a reduction in lateral "resolution'. The similarity in the measurements made using 2DE and M-mode
(see Chapter 6) confirms that the resting heart rate in horses is sufficiently slow for the frame rate not to
be a significant problem.
165
Gain setting
Gain setting is a user-dependent feature of the ultrasound equipment which has a significant effect on
the accuracy of measurements. High gain levels reduce resolution, while low levels may result in echo
drop-out. The gain controls must be adjusted to minimise either of these effects, but it can be difficult to
use a sufficiently high gain to be able to image the "lateral" walls of the ventricles well without 'bloom"
from structures such as chordae tendineae being so great that they cannot be distinguished from the
ventricular wall. Leading-edge to leading-edge measurement techniques are recommended for M-mode
measurements (Sahn and others 1978) because high gain settings will make the thickness of the interface
appear to extend beyond its real position.
Calibration and measurement
Limitations of the equipment may also result in variations in measurements made after the images have
been recorded for contemporaneous or subsequent play-back. Measurements rely on the accuracy of
software and correct calibration of the machine. The ASE recommends that each machine is calibrated
against a phantom of known size (Schiller and others 1989). Accuracy is also dependent on calibration,
made at the time of video play-back, from the depth and time markers on the recordings. Ideally, this
should be repeated frequently as the tape may stretch, affecting results. Identification of endocardial
borders is facilitated by the use of post-processing controls which increase contrast. Although this may
reduce detail, the high contrast grey-scale settings make caliper placement easier.
The quality of the video recorder and tape also affects the accuracy of retrospective measurement (see
Chapter 4). This is particularly true for the stillness of a frozen frame, as this influences positioning of
the electronic calipers on the calibration markers or the endocardial borders.
The ultrasound equipment used and the examination procedure followed throughout the project were
described in Chapter 4. Good quality recordings were made, but in addition, the strict imaging criteria
described in Chapter 5 were devised in order to ensure accurate measurement.
Variation due to examination technique
Several studies have been carried out to investigate the effect of different imaging techniques on
subsequent measurements (Sahn and others 1978, Schnittger and others 1983, Long, Bonagura and
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Darke 1992). Variation in measurements may result from differences in the location of the transducer
on the chest wall, its angulation and, in the case of 2DE, the degree of rotation, which alters the position
of the beam in relation to internal anatomy. The variation in measurements which can result from
positioning the transducer in a different intercostal space has been highlighted in a number of human
studies (Popp and others 1975, Stefadouros and Canedo 1977, Stack and Kisslo 1980). Popp and others
(1975) showed that relying on the characteristic M-mode image trace at different levels provides
insufficient control and is therefore unsuitable for producing accurate, repeatable measurements. The
same principles apply to 2DE imaging. The equivalent variation in the horse would be placement of the
transducer in different dorsal or ventral locations, even in the same interspace, hence the need for the
strict delineation of the imaging planes described in Chapter 5.
The position of the image plane is known more easily during 2DE imaging than M-mode because of
improved spatial appreciation but, even with 2DE, the position of the beam in the third dimension is
difficult to control. Consistent imaging requires a high degree of acquired user skill and accurate
identification of anatomical landmarks. These landmarks may themselves vary between animals. The
effect of a beam plane oblique to the true minor axis will be to increase the apparent diameter of a
chamber lumen and the thickness of its walls. With M-mode imaging it is difficult to detect movement of
the beam away from the true minor axis in the short-axis plane, but with 2DE imaging a short-axis plane
allows identification of the true minor axis (Wyatt and others 1979, Stack and Kisslo 1980, Hoenecke and
others 1982). However, in this plane, recognition of the mispositioning of the beam obliquely through
the chamber in the apico-basilar dimension depends on identification of the characteristic images of
chordae tendineae and the far wall and is a potential source of error for both 2DE and M-mode imaging.
In addition, identification of the position of the beam as it crosses the interventricular septum (IVS) is
very difficult (Allen and others 1978, Fowles, Martin and Popp 1980). This has been demonstrated in an
investigation reported by Hoenecke and others (1982) in which the M-mode cursor was placed at
predetermined angles across the left ventricle (LV), with 2DE guidance, from a short-axis plane of view,
to measure the effect of changing angle directly. A simple geometric model in which the ventricle is
approximated to a cylinder also illustrates the problem (Figures 8.1 a and b). Using Pythagorus's















If an M-mode beam is obliquely positioned in both the dorso-ventral and the lateral dimensions, the
resultant error will be the multiple of the increase caused by each angle. The effects of angles of beam
oblique to the true minor axis, using typical values for equine examinations, are given in Figures 8.2 and
8.3. These figures illustrate the potential error caused by incorrect positioning of the beam, assuming
that the chamber is a cylinder. The fact that the ventricle is more complex in shape makes the variation
additionally unpredictable. The internal landmarks for imaging planes used in the quantitative studies
reported in this thesis will have reduced the potential variation which may have occurred in previous
studies which were performed using less rigorous criteria (Kuramoto and others 1989, Leadon and
others 1991, Voros, Holmes and Gibbs 1991).
Variation of the position of the beam during the cardiac cycle is inevitable, but it must be appreciated.
The heart base moves towards the apex during systole, therefore, if the ultrasound beam stays in a
constant position relative to external landmarks, more basilar parts of the heart will be imaged during
systole than in diastole. Furthermore, the effects of oblique positioning on measurements of structures
in the far-field will be accentuated because the difference in the position at which the beam transects the
far wall at end-diastole and at end-systole will be greater than for the near wall (see Figure 8.4). The
movement of the heart towards the apex may be more marked when either contractility or heart rate are
raised (Kessler and others 1982). In addition to motion towards the apex, the heart also twists during
systole (Mirro and others 1979, Rademakers and others 1992), resulting in a further change in the
position at which the beam transects the wall. Each of these factors is potentially more significant and
less easily observed with M-mode imaging because of its uni-dimensional nature.
The effect of cardiac motion is most marked when exact positioning of the M-mode cursor is essential
for consistent measurement. For example, the position at which the cursor crosses the aortic valve is
likely to move from the sinus of Valsalva to a more dorsal anatomical location during systole. For this
reason, 2DE measurement of the valve in the long axis view at specific levels is likely to be more
consistent. The effects of systolic motion on the position of the aortic valve are illustrated in Figure 8.5.
The impression of contraction of a non-contractile cylindrical or spherical chamber could even be given
if the chamber moves relative to the position of the beam during the cardiac cycle (Figure 8.6). Thus, if
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the cursor moves from the true minor axis during the cardiac cycle, measurements of the difference
between systolic and diastolic dimensions, such as fractional shortening (F'S%), will be affected.
Variation due to measurement technique
The technique used to make measurements may also introduce variability into results. The
measurement criteria used in the quantitative studies were clearly described in Chapter 6. If different
criteria for measurement points, border identification or timing of cardiac events were used, different
results would be expected. For this reason, criteria need to be specified and preferably the same
methods used by all workers so that directly comparable results can be obtained. Some of the equine
echocardiographic studies described in previous publications (Kurainoto and others 1989, Robine 1990,
Leadon and others 1991) create considerable ambiguity because measuring criteria were not described.
Measurements made from video playback are likely to be less consistent than those made in real-time
because 50% of the data is lost in a still-frame (DeMaria and others 1980, Geiser, Skorton and Conetta
1982). This is the equivalent of a significant loss of resolution. Only digital storage systems are likely to
overcome this problem.
Measuring variation can occur because of differences in the following:
1. identification of the frames which fulfil the imaging criteria;
2. selection of the landmarks for measurement;
3. identification of the end-systolic and end-diastolic frames;
4. identification of the endocardial borders;
5. positioning of the electronic calipers;
In addition, measurement relies on correct calibration of the software for video play-back.
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Sources of variation due to statistical methods
Finally, errors may occur during data recording or through the use of incorrect statistical calculations.
Where statistical diffferences occur, these need to be assessed to see if there is any biological significance
in the differences. A knowledge of the relative contributions of variations at different points in the
process of data collection will aid accurate measurement and interpretation of results.
Theoretical sources of variation in echocardiographic measurements are summarised in Figure 8.7.
Literature review
Human literature
Several studies which address the repeatability of echocardiographic measurements specifically have
been reported in the human literature (Stefadouros and Canedo 1977, Heng and others 1978, Sahn and
others 1978, Martin and Fieller 1979, Clarke, Korcuska and Cohn 1980, Crawford and others 1980,
Felner and others 1980, Ladipo and others 1980, Gordon and others 1983, Martin 1986, Peart and others
1986, Bryd and others 1989). Many more attempt to validate echocardiographic techniques by
comparison with angiographic and post-mortem measurements (see Chapter 11). In fact, many of these
validation studies do not actually address the issue of repeatability, or even the absolute accuracy of the
technique, because a gold standard is either not available or requires post-mortem material.
Repeatability studies aim to investigate the chances of two examinations of the same structure using the
same method producing the same result. These previous reports concluded that echocardiography was
repeatable and therefore valid for serial studies (with the exception of the early publications by
Stefadouros and Canedo (1977)). The main source of error identified in a wide ranging survey by Sahn
and others (1978) was in measurement of the recording. Some of this error may have been due to the
quality limitations of the traces which could be obtained in early M-mode studies. As technology has
improved, the contribution of echocardiographic technique to overall variability may be relatively more
important. Intra- and inter-observer variation have been investigated in many studies and have been
addressed specifically by Sahn and others (1978), who established that, within the constraints of their
study, intra-observer variability
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was as significant as inter-observer variability. Different workers ascribe different significance to inter-
and intra-observer variability. Inter-echocardiographer variability in recording the echocardiogram has
been reported to be minimal by several workers (Heng and others 1978, Felner and others 1980, Lapido
and others 1980, Popp 1982, O'Grady and others 1986). Variation in the measurements made in serial
studies and therefore due to actual variation, in addition to measurement error, has been investigated by
Clarke, Korcuska and Cohn (1980) and Ladipo and others (1980), who found that in the absence of
significant clinical change, there was no significant difference in the measured variables.
Veterinary literature
Repeatability studies have been performed in some echocardiographic studies reported in the veterinary
literature. The first investigations into the normal range of echocardiographic measurements in small
animals used M-mode echocardiography and did not report any repeatability tests (Boon, Wingfield and
Miller 1983, Lombard 1984a). In the first reported investigation of cardiac dimensions using quantitative
2DE (O'Grady and others 1986), intra-observer variability was evaluated by two-way analysis of variance
and mean percentage error calculation. In only two cases (LV length and IVS, each in one view) was any
significant difference found between measurements in three sequential examinations. With the exception
of measurements of IVS, mean percentage errors were low, suggesting that the measurements could be
made with consistent accuracy. Moise and others (1986) found no significant change in
echocardiographic variables measured in cats weekly over a five week period. In addition to confirming
the repeatability of the technique using the methods employed by O'Grady (1986) and others and Moise
and others (1986) in the dog and cat, this suggests that there is little variation in measurements in
animals free from disease, drugs or physiological variations which are likely to affect cardiac function.
Few reported equine echocardiographic investigations have addressed the problems of inter and intra-
observer variability, or discussed other sources of potential variation in measurements in detail. The
reports of Lescure and Tamzali (1984), and Long, Bonagura and Darke (1992) addressed intra-observer
and real variability by examining the same horses on different occasions, but they did not evaluate inter-
observer variation. Voros, Holmes and Gibbs (1991) reported the results of a "repeatability' study, but
in fact this was a study of the variation in measurements made on different cardiac cycles. While a
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in fact this was a study of the variation in measurements made on different cardiac cycles. While a
component of intra-observer variability is included, a large proportion of the variation potentially results
from beat-to-beat variation, and changes due to different transducer placement and image plane are
likely to be small. Since quoted measurements will always be a mean value from three or more cardiac
cycles (preferably five (Sahn and others 1978) as in the current study), beat-to-beat variation will not be
very important to the final results. Pipers (1978) has conducted the only inter-observer repeatability test
on equine echocardiographic measurements published to date. In his M-mode study, which included
recordings made by two different echocardiographers but made no mention of different measurers,
variations of approximately 10% were found for mean percentage difference between measurements of
LVD, but "considerably' less for other measurements.
The purpose of the experimental work described in this chapter was to identify the relative contribution
of potential points of variation so that they could be reduced. Examination of the differences between




To assess the accuracy of the placement of the electronic calipers, a distance of 15 cm between
calibration markers was measured twenty times.
Eleven horses were each then examined on consecutive days to produce two recordings of the standard
echocardiographic examination (Chapters 4-6). These examinations were made by the same
echocardiographer (A).
180
Subsequently, some months later the recordings were measured by echocardiographer A and, in
addition, some of the measurements were made by another experienced echocardiographer (B). The
first recording (Ri) was measured on one occasion by observer A, the results contributing to the
quantitative study reported in Chapter 6. The second recordings (R2) were later measured by
echocardiographer A. Frames were selected and measured twice (R2A2 and R2A3). At least two weeks
later R2 was measured by echocardiographer A again (R2A4). The frames selected may therefore have
been the same or different from those selected in R2A2 and R2A3. At a later date, R2 was measured
again, but on this occasion the frames were selected by observer B (R2B5). The frames selected by
observer B were then measured by observer A (R2BA6). This experimental method is summarised in
Figure 8.8.
The measurements made were as follows: LV diameter (LVD) at end-systole (LVDs) and end-diastole
(LVDd), IVS thickness at end-systole (IVS5) and end-diastole (IVSd), LV free wall thickness (LVFW) at
end-systole (LVFWs) and end-diastole (LVFWd), area of the LV lumen (LVA) at end-systole (LVAs)
and end-diastole (LVAd), the area of the LV myocardium (the area bordered by epicardium) (MyoA) at
end-systole (MyoAs) and end-diastole (MyoAd), FS%, fractional area change (FAC%), left atrial
diameter at end-diastole (LAD), pulmonary valve diameter at end-diastole (PV) and aortic valve
diameter (AoVD) measured at the sinus of Valsalva (SVS) and the sino-tubular junction (STjct) at end-
systole (SVSs, STjcts) and end-diastole (SVSd, STjctd) using the leading-edge to leading-edge method
(LE-LE) and the inner-edge (IE) method. LV systolic time intervals (STIs) comprising pre-ejection
period (PEP), ejection time (ET), duration of electromechanical systole (EMS), R-R interval (R-R) and
the ratio of PEP and ET (PEP/ET) were also measured.
The following comparisons were made:
1. Ri with the mean of the R2 measurements.
2. R2A4 with the mean of R2A2 and R2A3.
3. R2BA6 with the mean of R2A2, R2A3 and R2A4.































5. R2B5 with R2BA6.
6. R2A2 with R2A3.
Thus, comparison 1 represents the variation which results from different recordings (due to day-to-day
variation in the horse and differences in the exact anatomical positions of the imaging planes) and
differences in intra-observer frame selection and identification of endocardial borders.
Comparison 2 represents the variation which results from intra-observer differences in frame selection
and identification of endocardial borders.
Comparison 3 represents the variation which results from intra-observer differences in identification of
endocardial borders and inter-observer frame selection.
Comparison 4 represents the variation which results from inter-observer differences in frame selection
and identification of endocardial borders.
Comparison 5 represents the variation which results from inter-observer differences in identification of
endocardial borders.
Comparison 6 represents the variation which results from intra-observer differences in identification of
endocardial borders.
Statistical methods
Comparisons were made by analysis of variance to detect a variation between any of the measurements
and, where differences were found, measurements were also compared using Student's paired t-test. In
addition, the percentage difference overall and between each pair of measurements (mean percentage
difference) was calculated, to give a guide to the likely biological significance of the variation, because
some of the measurements which were identified as being statistically significantly different differed by
small amounts in absolute terms. The critical probability for statistical significance was taken at p=O.05
on a two-sided null hypothesis of no difference.
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RESULTS
The variation in the distance between the calibration markers measured twenty times was very small
(standard deviation 0.083, coefficient of variation 0.55%), suggesting that the placement of the electronic
calipers was not a significant source of variation and that linear measurements could be performed with
accuracy. However, measurement of an area, which required greater hand-to-eye coordination and may
have been less accurate, was not evaluated.
Statistically significant differences were found for comparisons between measurements of LV dimensions
for IVSs (comparison 1), LVDs (comparison 1), LVFWd (comparison 1), FS% (comparisons 1 and 4),
LVAd (comparison 1), MyoAs (comparisons 1 and 2), MyoAd (comparisons 1,2,3 and 5). Comparisons
of measurements of AoVD showed significant differences between measurements of LE-LESVSs
(comparisons 1 and 2), LE-LESVSd (comparison 1), LE-LESTjcts (comparison 1), LE-LESTjctd
(comparison 1), IESVSs (comparisons 1,4 and 5) and IESVSd (comparisons 1 and 4).
Measurement of the mean percentage difference between measurements exceeded 10% for the group of
horses only for AoVD LE-LESTjctS (comparison 1), PEP (comparison 1) and PEP/ET (comparison !4.
Measurement of the mean percentage difference between measurements exceeded 10% in one or more
individuals for IVSs (comparison 1 and 5), IVSd (comparisons 1,4 and 5), LVDs (comparison 1), LVFWs
(comparison 1), LVFWd (comparisons 1,3 and 4), PV (comparisons 1,3 and 4), FS% (comparisons 1,3
and 5), LVAs (comparisions 1,3,4,5 and 6), LVAd (comparison 1), MyoAs (coparisons 1 and 2), FAC%
(comparison 1), AoVD LE-LESVDD (comparison 1), AoVD LE-LESTjctD (comparison 1), IEjclD
(comparison 1), LAD (comparison 1), PEP (comparisons 1,3,4 and 5), ET (comparison 1), EMS
(comparison 1), R-R interval (comparison 1) and PEP/ET (comparisons 1,3,4 and 5). When all six
recordings were compared, mean percentage difference exceeded 10% for the whole group only for PEP
and in individuals only for PEP, ET and PEP/ET.
Appendix 8.1 shows the significance of differences between measurements. The mean percentage
differences are shown in Appendix 8.2. In Figures 8.9-8.34 the mean values of the group for each repeat
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measurement are shown in graphical form to illustrate the differences. The data from which these values
are derived is shown in Appendix 8.3.
DISCUSSION
The use of mean percentage difference gives a good guide to the extent to which serial measurements
may change due to real and random variation. In the present study, it is likely that the variation in the
measurements described above is due to random variation caused by the limitations of the technique and
human error; variations of this magnitude should therefore be expected and considered in clinical studies
and experimental investigations. The statistical significance of the differences may reflect the close
similarity of some measurements, so that for measurements of some structures which were often made
with a high degree of apparent "accuracy", a small difference in value constituted a statistically significant
difference. This variation may well be within the limitations of the resolution of the equipment. For
example, the maximum mean percentage difference between recordings in any individual for AoVD LE-
LESVSd measurements was 1.55%, which is less than one millimetre and is thus substantially less than
the axial resolution of the equipment, yet this difference turned out to be significant (P <0.0005). In
contrast, measurements of PEP, which varied by a mean value of 26% on different recordings, were not
statistically significantly different. Thus, while it can be assumed that PEP measurements may not have
reliable repeatability, there is insufficient evidence to prove this with the data available.
Identification of the sources of variation
Recording technique
The greatest source of variation was between recordings made on different days. Some of this variation
may have been due to real differences in the cardiac dimensions of the horses. It was considered that
real differences were most likely to occur in functional indices such as FS%, FAC% and STIs. STIs did
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large in individuals. For example, the maximum difference was a 95.7% change in PEP recorded in one
horse. This may mean either that PEP is a very sensitive indicator of changes in contractility and loading
conditions, or that its measurement is unreliable. Heart rate change is unlikely to be the main
contributory factor for changes in PEP as the R-R interval was only marginally changed in a few
individuals; however, it may have accounted for different ET and EMS values in different recordings.
The small intra and inter-observer variation shows that the differences between Ri and R2 are unlikely
to be due to measurement error. Thus, despite the lack of statistically significant differences, STIs may
not be reliable measurements, particularly for comparison of just two individual measurements.
Measurements of FS% also differed by more than 10%, largely because of differences in LVDs. To
some extent this may have been due to alterations of contractility and loading conditions on different
days and to beat-to-beat variation; however, some of the changes may also have been due to variation in
positioning of the M-mode cursor (for example, away from the true minor axis during systole). In this
instance, measurement variation as a result of different frame selection may also have been a significant
factor, as comparison 3 showed a mean percentage error of 10.8%. Selection of borders may also have a
bearing on the variation, particularly as, for measurements of differences such as FS%, selections are
made on four occasions rather than two, thus potentially amplifying any variation. The mean percentage
difference for FAC% in any one individual was appreciably less than for FS% (5.1% c.f. 9.4%),
suggesting that this may be a more repeatable index of cardiac function. This is probably because of the
variation caused by placement of the cursor away from the minor axis in some M-mode measurements.
Measuring technique
Measuring technique was a relatively more significant source of variation for small structures such as the
LV walls in diastole. For example, as the axial resolution was only 1.5 mm, changes in the LVFWd
would need to be greater than 7.5% (approximately) in order to be important, because of the intrinsic
limitations of the technique. Border identification problems are therefore likely to have a significant
bearing on this measurement. Measuring technique was also a relatively significant source of variation
for area measurements, which relied on greater hand-eye co-ordination to manipulate the joy-stick than
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measurement between two points, and which also required identification of lateral" borders with
significant echo drop-out and inferior resolution compared with measurements made in the axial
dimension. These factors made accurate planimetry difficult, although errors tended to cancel each
other out in this process. In a human study by Pearlman and others (1988), areas determined by hand
planimetry had significantly greater variance than linear measurements, presumably for the same
reasons.
Inter-observer variability
Inter-observer variation was low. Significant differences were found only for MyoAd (comparisons 3 and
5), AoVD IESVSs (comparisons 4 and 5) and FS% (comparison 4). Mean percentage differences of
more than 10% were found for LVFWd (comparisons 3 and 4), IVS (comparisons 4 and 5), PV
(comparisons 4 and 5), FS% (comparisons 3 and 5), PEP (comparisons 3,4 and 5) and PEP/ET
(comparisons 3,4 and 5). Of these, comparison 4 includes an element of frame selection while
comparison 5 represents the inter-observer variability due to border selection (see materials and
methods). Comparison 3 includes inter-observer variability of frame selection but also intra-observer
variability of border identification. It is therefore likely that frame selection plays an important part in
variation for measurement of FS%, areas and AoVD, while border selection is particularly crucial for
measurement of areas and some systolic AoVD measurements. Interestingly, the measurements of areas
made by observer B were consistently greater than those made from the same frame by observer A.
This, presumably, was due to a subjective difference in the application of the border identification
guidelines.
Intra-observer variability
Intra-observer measurement variability was low as indicated by the small difference between
measurements R2A2 and R2A3 (same frame) and between the mean of these measurements and R2A4.
Significant differences for these comparisons were found only for MyoA and AoVD LE-LESVSs, while
on no occasion was mean percentage difference greater than 10%. Comparisons 1, 2 and 3 contain an
element of intra-observer frame selection and measurement variability, while variations between
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measurements R2A2 and R2A3 (comparison 6) are solely due to intra-observer differences in border
selection. Thus border identification was a major problem only for measurement of IVS, PV and PEP.
IVS measurement is complicated by the difficulty in identifying the right ventricular (RV) endocardial
border. It was sometimes difficult to distinguish between interfaces representing trabeculations which
appeared close to the RV and the true RV endocardium. In addition, it has been reported that, in
humans, myocardial blood vessels can result in interfaces just beneath the RV endocardium (Allen and
others 1978). This leads to further potential variation in caliper placement. PV measurement was
difficult because the base of the valve was not easily identifiable and the valve was often set in motion by
atrial contraction, resulting in problems with measurement. Furthermore, the image planes from which
this measurement was made could not be rigidly controlled, resulting in potential variation in recorded
dimensions. Measurement of PEP was highly variable, partly because of potential beat-to-beat and day-
to-day variation, but also because the measurement itself is small compared with the potential error (1
mm) caused by caliper placement, even when borders are clearly identified. This makes measurement of
PEP in individual animals of questionable value.
The value of LVDd was the least variable in the study. This is fortunate, because it is probably the single
most valuable measurement in clinical cases with aortic or mitral valve regurgitation, when it is used to
detect volume overload. The variability of measurement of LAD, which was considered at the outset of
the study to be potentially unreliable, in fact proved to have good repeatability.
Limitations of the study
Unfortunately, none of the echocardiographers who were available for the study considered themselves
to be sufficiently experienced in equine echocardiography to make a valid inter-observer comparison of
examination technique. Additionally, the video recorder did not have a frame counter of sufficient
accuracy to allow measurement of the same frame on separate occasions and some observer bias may
therefore have been inevitable. Bias may also have occurred because the tapes had to be measured with
the patient identity known. However, measuring the recordings was so tedious that it was difficult to
remember recorded values even seconds after they had been made, or to remember the different horses.
195
In addition, the ventricular mass of the horses was not known to observer B at any stage and was not
likely to have been remembered by observer A, because the lack of individual characteristics made it
difficult to distinguish between the large number of animals involved. The value of the study could have
been improved by increasing the number of horses examined, but the time needed for making the
measurements, particularly for inter-observer comparisons, was not available.
It was also anticipated that measurements made near the beginning of the quantitative study may have
been less satisfactory because of a lower level of learned skill, while those made near the end may have
been more accurate. However, the variation of measurements made by observer B was not significantly
greater than those made by observer A, suggesting that learned measurement skill was not a significant
factor in inter-observer variability.
In retrospect, it would have been worthwhile repeating examinations on the same day, for example at one
hour intervals. Differences between measurements made on these occasions would have been less likely
to be a result of absolute changes than measurements made on consecutive days and therefore likely to
be entirely due to recording and measuring differences.
CONCLUSIONS
Cardiac dimensions measured in this study can be made with adequate repeatability, with the possible
exception of PV and PEP measurements. The majority of measurements are most significantly affected
by small differences in echocardiographic technique, presumably as a result of different image planes,
but day-to-day variation may also be an important consideration in the evaluation of indices of cardiac
function. In addition, for measurement of the ventricular walls, great attention should be paid to careful
identification of endocardial borders.
Inter-observer and intra-observer variation are most significant for measurement of areas because
planimetry has more inherent errors than simple linear measurement. It was also significant for
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measurement of AoVD, where apparent precision is possible but slightly different application of border
identification criteria can lead to statistically significant variations. Provided that the recording and
measurement criteria are strictly applied, chamber dimensions can be measured with sufficiently high
repeatability to render the technique suitable for making serial observations in the same horse.
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CHAPTER 9
THE EFFECTS OF SEDATION WITH DETOMIDINE HYDROCHLORIDE
ON ECHOCARDIOGRAPHIC MEASUREMENTS OF CARDIAC
DIMENSIONS AND INDICES OF CARDIAC FUNCTION
SUMMARY
Twenty-six horses were examined with the echocardiographic equipment, procedures and imaging
planes described in Chapters 4 and 5. Horses were sedated with detomidine hydrochloride
(Domosedan, SmithKline Beecham Animal Health) at a dose of of 0.01 mg/kg, administered
intravenously, after which the echocardiogram was repeated. Measurements of cardiac dimensions
were made and functional indices were calculated as described in Chapter 6 and the pre- and post-
sedation values were compared.
Sedation was found to have a statistically significant effect on cardiac dimensions. An increase in end-
systolic and end-diastolic left ventricular diameter, end-systolic and end-diastolic left ventricular area,
end-systolic and end-diastolic myocardial area, and aortic valve and left atrial diameter was recorded.
A decrease in end-systolic and end-diastolic wall thickness was observed. Fractional shortening and
fractional area change, which are commonly-used indices of cardiac function, were significantly
reduced. Heart rate was significantly lower after sedation. Systolic time intervals were also recorded
and a significant increase in the pre-ejection period, ejection time, duration of electromechanical
systole and the ratio of pre-ejection time to ejection time was detected. However, the magnitude of
many of these changes was small; only systolic left ventricular dimensions and indices of cardiac
function were substantially altered from the values recorded in unsedated animals.
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INTRODUCTION
Echocardiography is an innocuous, non-invasive procedure which is well tolerated by the majority of
horses. Unfortunately, some animals are temperamentally unsuited to the examination and present a
hazard to the echocardiographer, the handler, the equipment or to themselves. In addition, some horses
will not stand still long enough to allow a thorough examination to be performed. Furthermore, some
animals may need to be sedated for other procedures, such as endoscopy, when an echocardiogram is
also planned as part of the diagnostic investigation, or to allow adequate clipping of hair which is
required to obtain high quality images (see Chapter 4). In these situations, it is possible that sedation
would affect the results of quantitative echocardiographic investigations.
Detomidine hydrochloride (Domosedan, SmithKiine Beecham Aithnal Health) has found widespread
use as a sedative in equine practice in the U.K. In this chapter, its effects on cardiac dimensions and
indices of cardiac function measured using echocardiography are described. The drug was administered
intravenously (I/V) at a dose rate frequently used in clinical situations (0.01 mg/kg), but lower than that
recommended by the manufacturers.
The purpose of the study was to determine whether echocardiographic measurements recorded in
animals before and after sedation were sufficiently different to influence the use of the drug in clinical
investigations where cardiac ultrasound is required and sedation is considered helpful. The study
provided additional useful information on the actions of the drug on the cardiovascular system, but this
was not the main aim of the experiment.
Literature review
Investigations of the effects of sedatives on echocardiographic examinations have not been widely
reported. Sedatives have been used in some studies simply to facilitate echocardiographic examination,
while in others the effects of sedation on echocardiographic measurements have been investigated to
determine their relevance in the interpretation of the echocardiogram. In addition, an echocardiographic
study may be a useful means of assessing the cardiovascular actions of a drug.
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In human studies, the effects of sedation have rarely been reported because patients are usually
sufficiently cooperative to make such measures unnecessary. However, the advent of transoesophageal
echocardiography has resulted in the use of sedatives in many human patients prior to examination, to
facilitate passage of the endoscope carrying the transducer. The benzodiazepine drug midazolam
(Hypnoval, Roche products Ltd.) is routinely used for this procedure (Freer, personal communication)
and, although it is reported to cause a slight reduction in stroke volume, systemic vascular resistance and
cardiac output, it is relatively cardiostable (data sheet). Despite its widespread use, no published reports
describe detailed investigation of the effects of the drug alone on echocardiographic measurements.
The effects of sedation on echocardiographic examinations in small animals have been investigated by a
number of workers. Jacobs and Knight (1985b) studied the effects of ketamine sedation in the cat and
found that, compared with unsedated controls, sedated animals had a decreased left ventricular (LV)
diameter at end-diastole (LVDd), increased heart rate, an initial increase in arterial blood pressure and
decreased indices of cardiac function (fractional shortening and velocity of circumferential fibre
shortening). They therefore concluded that the drug should not be used in quantitative clinical studies.
In the dog, a combination of acepromazine maleate and buprenorphine, frequently used for sedation in
clinical echocardiographic studies, has been shown by Stepien and others (1992) to cause a decrease in
the rate of change of pressure generated during systole (LV dp/dt), but this was insufficient to result in a
change in aortic blood flow velocity detectable by Doppler echocardiography. Similar fmdings have been
reported in another publication (Miller and Bonagura 1989). Xylazine, an alpha 2 adrenergic agonist, has
been shown to result in decreased heart rate, transient arterial hypertension followed by hypotension and
decreased cardiac output in rats (Savloa 1986) and dogs (Klide, Calderwood and Soma 1975, Muir and
Pipers 1977) although, paradoxically, an initial positive inotropic effect was noted in one study (Muir and
Pipers 1977). Echocardiography has been used to investigate the effects of sedation with xylazine in cats
(Dunkle and others 1986).
Several of the early equine echocardiographic studies involved examination of sedated animals. Pipers
and Hamlin (1977) and Lescure and Olivier (1980) used acepromazine maleate to facilitate examination,
without commenting on the effects of this drug. Acepromazine maleate would be expected to cause
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significant changes in echocardiographic measurements as a result of cardiovascular effects such as
hypotension (Muir, Skarda and Sheehan 1979a). The echocardiographic values reported in the studies
by Pipers and Hamlin (1977) and Lescure and Olivier (1980) therefore need to be interpreted with some
caution until the echocardiographic changes resulting from the actions of the acepromazine maleate are
documented. Carlsten (1987) investigated the effects of sedation using detomidine hydrochloride (0.01
mg/kg I/V) in ten clinically normal horses, giving each echocardiogram a semi-quantitative score for
image quality. He found that, although the examination procedure was facilitated by administration of
detomidine hydrochloride, particularly to obtain cranial views, there was no significant difference in the
quality of the images before or after sedation. In addition, sedation allowed examination of one horse
which was temperamentally unsuited prior to the use of the drug. Stadler, D'Agostino and Deegan
(1988) also found sedated animals easier to examine in their qualitative study.
The alpha2 adrenergic agonists xylazine and detomidine hydrochloride have found widespread use in
large animal practice. Xylazine has been shown to result in decreased heart rate, transient arterial
hypertension followed by hypotension and decreased cardiac output in cattle (Campbell and others
1979), and horses (Kerr and others 1972a and b, Muir, Skarda and Sheehan 1979a and b). Pipers (1978)
performed M-mode examinations on horses sedated with xylazine and reported a reduction in systolic
wall thickness, an increase in luminal dimensions and depression of inotropic indices. The marked
reduction in heart rate which were observed may have been contributed to these effects.
Detomidine hydrochloride has now replaced xylazine as the most popular sedative in equine practice in
the United Kingdom and has been shown to be effective for a number of minor investigative and surgical
procedures (Alitalo 1986, Clarke and Taylor 1986, Ricketts 1986). It has been reported to result in a
marked bradycardia, sinus block and second degree atrioventricular block (2 AVB) and initial
hypertension followed by hypotension (Clarke and Taylor 1986, Short and others 1986a). Recently,
Wagner, Muir and Hinchcliffe (1991) reported the results of the most thorough investigation of the
carcliopulnionaiy effects of xylazine and detomidine hydrochloride to date. Using invasive studies, they
established that detomidine hydrochloride, even at the low dose of 0.01 mg/kg, results in a significant
reduction in cardiac output. This appears to be due to a decrease in myocardial contractility in addition
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to the known effects on heart rate. No quantitative echocardiographic studies of the effects of the drug
have yet been published, although a reduction in cardiac ouput has been detected using Doppler
echocardiography in horses sedated with a combination of detomidine and the opioid drug butorphanol
(Torbugesic, C-Vet Ltd.) (Young and others 1992).
In view of the usefulness of detomidine hydrochloride in fractious animals, an investigation of the effects
of the drug was performed to determine which echocardiographic measurements are significantly




Twenty six adult Thoroughbred or Thoroughbred-cross horses were available for echocardiographic
examination and these horses needed to be sedated for clinical procedures to be performed. The horses
were determined to be free from cardiac disease after a clinical examination in which particular attention
was given to the cardiovascular system. Further confirmation of normality was obtained from
electrocardiograms and echocardiograms. None of the animals was being treated with drugs thought
likely to affect resting heart rate or circulating catecholamine levels significantly. The majority were
sedated for endoscopic examination of the upper respiratory tract.
Echocardiograms were performed using the equipment and techniques described in Chapters 4 and 5.
Recordings were made from horses prior to sedation with intravenous detomidine hydrochloride and
during a period between five and twenty-five minutes after sedation. The drug was administered
intravenously at a dose of 0.01 mg/kg.
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Cardiac dimensions were measured using the techniques described in Chapter 6. Cardiac cycles were
not measured immediately following an incident of 20 AVB, or when heart rate exceeded 45 beats per
minute.
Statistical methods
LV diameter (LVD), interventricular septal thickness (IVSth), LV free wall thickness (LVFWth), LV
area (LVA), myocardial area (MyoA), aortic valve diameter (A0VD), pulmonary valve diameter (PVD),
left atrial diameter (LAD), fractional shortening (FS%), fractional area change (FAC%), pre-ejection
period (PEP), ejection time (ET) and the duration of electromechanical systole EMS (systolic time
intervals (STIs) described in Chapter 7) and heart rate were compared before and after sedation using
Student's paired t-test. The critical probability for statistical significance was taken at p=O.O5 on a two-
sided null hypothesis of no difference.
RESULTS
The mean values of measurements before and after sedation in the group are shown in Table 9.1. The
values recorded in individual animals are shown in Appendix 9.1. The changes in LV dimensions, STIs
and fractional change are summarised in Figures 9.1-9.3.
Statistically significant increases in end-systolic and end-diastolic LVD, LVA, MyoA and AoVD were
recorded. LAD, PEP, ET, EMS and PEP/ET were also significantly increased following sedation.
Sedation also resulted in a statistically significant decrease in IVS and LVFW thickness, FS%, FAC%,
wall thickening fraction and heart rate.
Horses were usually easier to examine after sedation and the examination could be completed more
quickly however, the high incidence of 20 AVB meant that more cardiac cycles had to be recorded.




00 . LPi j) () -' 00 -
L C\ 00
QO\L'IUI

























o	 1)	 0)	 0,	 0















0	 0 0	 0 0
1\)	 bi
•	 I	 •	 I	 •	 I	 •	 I	 •	 I
















the right olecranon far enough forward to allow the transducer to be advanced into the axilla, particularly
for the 'reference" and short-axis views (see Chapter 5). In addition, some horses took very deep breaths
which resulted in more image interference from inflated lung.
DISCUSSION
The results of the study show that detomidine hydrochloride has a significant effect on echocardiographic
measurements even at a relatively low dose. This will have a bearing on its use in clinical studies.
The changes in systolic dimensions and in indices of cardiac function were most substantially altered.
Many of the changes in diastolic measurements which occurred following sedation were small. For
example the change in LVFWd was only 0.01 mm. This suggests that while such changes should be
considered in evaluation of the effects of the drug on a population of animals, the changes in individual
animals are likely to be too small to be important. Similarly, the change in LVDd was small (< 1%),
which suggests that preload was not substantially increased despite the marked reduction in heart rate.
If the same results hold true in horses with cardiac disease, interpretation of the significance of a LVDd
outside the range established in Chapter 6 may still be useful in sedated animals.
The results of the current study are similar to those of Wagner, Muir and Hinchdliffe (1991) with regard
to the changes in LVDd and heart rate. However, they differ when the end-systolic dimensions of the
LV are considered. In their study, end-systolic LV volume was derived from thermodilution
measurements and was not significantly altered by sedation. In the current study, it was measured more
directly and was significantly increased by sedation. The increased LVDs resulted in an decreased FS%.
LVA also changed sufficiently to result in a significant fall in FAC%. These results suggest that stroke
volume will be decreased following sedation. In combination with the fall in heart rate, this confirms that
the drug reduces cardiac output.
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The increase in PEP and consequent change in PEP/ET is further evidence of a reduction in systolic LV
performance. Unfortunately, P5%, FAC% and STI changes can be a result of changes in preload,
afterload, heart rate or contractility. Identification of changes in the contractile process of the
myocardium are particularly hard to identify because in vivo they are affected by preload, afterload and
heart rate (see Chapter 7). Hypertension in the period (approximately 2-10 minutes) immediately
following injection of detomidine hydrochloride is well recognised (Clarke and Taylor 1986, Short and
others 1986a, Wagner, Muir and Hinchcliffe 1991) and may result in an increased afterload despite the
fall in heart rate. However, this effect wears off in a short time and is followed by hypotension. In the
study reported by Wagner, Muir and Hinchcliffe (1991) blood pressure had begun to fall within 15
minutes of injection of the drug at a dose of 0.01 mg/kg, but systemic vascular resistance was still
increased. it is likely that the majority of the measurements in the current echocardiographic study were
made during a period of hypotension, therefore the reduction in FS%, FAC% and wall thickening and
the increase in PEP/ET are most likely to be a result of decreased myocardiaf con ttSity. 'Vhese
conclusions concur with the results of the more precise invasive study reported by Wagner, Muir and
Hinchcliffe (1991). Further investigation, possibly with simultaneous invasive and echocardiographic
measurements to generate pressure-volume loops, are warranted.
A discussion of the pharmacology of detomidine hydrochloride is beyond the scope of the current study.
Suffice it to say that its cardiovascular effects may be a result of central depression of the cardiovascular
centre, an influence on autonomic tone, a direct effect on the myocardium, or local effects on the
peripheral cardiovascular system. Interestingly, vagolytic drugs such as atropine and glycopyrrolate have
been shown to reduce the bradycardic effects of the drug (Dunkle and others 1986, Short and others
1986b), presumably by blocking the baroreceptor reflex to the initial hypertension, but the bradycardia is
longer-lasting than the hypertension and may not be affected by low doses of parasympatheticolytics
(Alitalo and others 1986). This suggests that the reduction in heart rate may be partly related to other,
possibly central, effects. In addition, glycopyrrolate actually led to a further deterioration in cardiac
function in cats treated with xylazine (Dunkle and others 1986), suggesting that the cardiac depression
caused by alpha2
 agonists is not purely related to heart rate.
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Despite the imaging difficulties described (see above), sedation made examination of most animals
easier. Horses whose temperaments dictated the use of sedatives were not examined as they were
unsuited to obtaining control echocardiograms. The effect of increased respiratory effort was not
controlled by measuring during a limited period of the respiratory cycle, except for the fact that some
measurements could not be made during full inspiration. It would be expected that the main effect of
respiratory effort would be changes in preload, which was not considered to vary substantially during the
experiment because LAD and LVDd were altered only marginally.
CONCLUSIONS
Sedation of clinically normal horses using detomidine hydrochloride when administered at a low dose
frequently used for restraint for investigative procedures, results in a significant deterioration of indices
of cardiac function. It appears that the reduction in cardiac performance is due to a decrease in
myocardial contractility or an increase in afterload.
The value of most echocardiographic measurements is severely reduced by the use of detomidine
hydrochloride and sedation is inadvisable in investigation of horses with suspected cardiac disease.
However, the change in diastolic measurements was small, and when the inaccuracies of the technique
and limitations of repeatability discussed in Chapter 8 are considered, the changes may be accounted for
by measurement error. Thus LVDd, which is a particularly useful indicator of volume overload in horses
with suspected cardiac disease, may still be a valuable measurement in sedated animals. Furthermore, it
may indicate that preload is not substantially increased by detomidine hydrochloride, despite a marked
reduction in heart rate.
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CHAPTER 10
ThE EFFECTS OF SECOND DEGREE ATRIO-VENTRICULAR BLOCK
ON ECHOCARDIOGRAPHIC MEASUREMENTS OF CARDIAC
DIMENSIONS AND FUNCTIONAL INDICES
SUMMARY
During the investigations described in previous chapters, measurements made from cardiac cycles
which immediately followed episodes of second degree atrio-ventricular block were not included in
analysis of the results. However, these measurements were later compared with those made after
normal sinus beats in order to assess the effects of changing cycle length on cardiac dimensions and
indices of cardiac function.
Second degree atrio-ventricular block resulted in a statistically significant change in cardiac
dimensions. Interventricular septal thickness at end-diastole, left ventricular free wall thickness at
end-systole and end-diastole, left ventricular diameter at end-systole and end-diastole, left ventricular
area at end-systole and end-diastole, myocardial area at end-systole, pre-ejection period, the duration
of electromechanical systole and the ratio of pre-ejection period and ejection time were significantly
decreased for the cycle following the arrhythmia. Interventricular septal thickness at end-systole,
myocardial area at end-diastole, fractional shortening, fractional area change and ejection time were
significantly increased for the cycle following the arrhythmia. However, the change in these
measurements was small and considered to be of minimal biological significance with the exception of
the decrease in end-systolic left ventricular diameter and the changes in systolic time intervals.
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These effects were considered to be due to decreased afterload as a result of the long cycle length.
Measurements should not be made from cardiac cycles following marked changes in the length of
diastole without consideration of these effects.
INTRODUCTION
The effects of changing heart rate may have a significant bearing on echocardiographic measurements.
It was considered that a qualitative and quantitative understanding of the changes associated with altered
heart rate would be helpful for the interpretation of measurements made in clinical and experimental
studies. Unfortunately, technical, financial and ethical limitations precluded an experimental
investigation of the effects of changing heart rate controlled by transvenous pacing or pharmacological
interventions. However, as arrhythmias which profoundly affect cycle length are common in horses, it
seemed to be worthwhile investigating the effects of such changes with a view to obtaining information
which would be relevant to the effects of changes in heart rate in sinus rhythm.
During the quantitative studies reported in previous chapters, cardiac cycles which immediately followed
episodes of second degree atrio-ventricular block (2° AVB) were excluded from measurement because
of the potential changes associated with the long diastolic period and two atrial contractions. The
current investigation was carried out in order to determine whether exclusion of these beats was justified.
At the outset, it was planned to include horses with atrial fibrillation (AF) in the study because of the
wide range of cardiac cycle lengths which result from this arrhythmia. However, too few clinical cases
which were considered to have AF without significant underlying heart disease (lone AF) were presented
for investigation during the duration of the project for meaningful deductions to be made. The study
therefore concentrates on the effects of 20 AVI3.
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Literature review
The effects of changing heart rate are difficult to quantify because the inter-relationships between heart
rate, preload, afterload and contractile state are complex (Quinones, Gaasch and Alexander 1976).
Cardiac output is dependent on heart rate and stroke volume, but heart rate itself affects stroke volume
and in addition, autonomic mechanisms, drugs and diseases which influence heart rate also affect stroke
volume. These changes occur as a result of altered contractility, preload or afterload, each of which
affects each other. It can therefore be very difficult to distinguish the effects of changes in heart rate
from variations due to the other factors. Even in controlled studies, it is difficult to alter heart rate
without affecting contractility or loading conditions; in any investigations into the effects of altered heart
rate these variables must therefore be considered.
Few studies have been performed to investigate the effects of changing cycle length on echocardiographic
measurements. In humans, DeMaria and others (1979) found that left ventricular diameter (LVD) at
end-systole (LVDs) and end-diastole (LVDd) decreased with increasing heart rate, while fractional
shortening (FS%) remained unchanged. Similar findings have been made in cats (Moise and others
1986b), but in their study, increases in heart rate were induced by administration of isoprenaline, which is
likely to have had positive inotropic effects in addition to causing chronotropic changes. Unlike these
authors, Jacobs and Knight (1985a) found that FS% was positively correlated with heart rate in cats, and
in humans Hirshleifer and others (1975) found equivalent changes in normalised velocity of
circumferential fibre shortening using echocardiography. Increased heart rate is frequently associated
with greater contractility, often because of increases in sympathetic tone and levels of circulating
catecholamines. These effects were minimised in a study in dogs in which the effects of variations in
cycle length were investigated using atrial pacing (Jacobs and Mahjoob 1988b). These authors showed
that there was a positive correlation between the square root of cycle length and LVDs and LVDd, but
no significant change in FS%. While changes in contractility may have been minimised in this study, the
changes in afterload may not have been predictable even in the relatively controlled state devised by the
authors. In clinical cases, different loading conditions and humoral changes which affect contractility will
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be even more unpredictable. However, for accurate interpretation of echocardiograms in clinical cases,
potential changes associated with different heart rates should be understood.
The haemodynamic effects of 2 AVB in horses have been described by Miller and Holmes (1984d).
The arrhythmia is a common finding in horses with no evidence of heart disease and appears to be a
mechanism which aids the control of blood pressure. Brown and Holmes (1978b) have shown that
increases in blood pressure occur in a stepwise "staircase" pattern which, they suggested, is detected by
the baroreceptors and, in a feedback mechanism via the cardiovascular control centre, results in an
increase in parasympathetic tone and 20 AVB. In the horse, the consequence of tfiis is 6(ocka,e of
sinus beats at the atrio-ventricular (AV) node, rather than reduction in the sinus rate as in most species.
The result of this homeostatic mechanism is to reduce aortic blood pressure. The afterload on ejection
of blood is therefore reduced for the beat i tnediatei pot-2P pai'ic'thar\y compared wifh
the normal sinus beat preceding the episode of 20 AVB (NSB). It could be expected that this might
increase the fractional shortening (FS%) by reducing the end-systolic dimensions of the left ventricle
(LV). It might also affect systolic time intervals (STIs). It might be that the diastolic dimensions would
be increased in the PBB because there has been more time for ventricular filling. This implies that
preload has been increased and would be expected to increase contractility via the Frank-Starling
mechanism.
The effects of changing heart rate on echocardiographic measurements in the horse have seldom been
reported. Some studies have included measurements made from horses with heart rates well above the
normal range (Lescure and Tamzali 1984). Some others make no mention of the potential significance
of heart rate and common arrhythmias (Leadon and others 1991, Voros, Holmes and Gibbs 1991, Long,
Bonagura and Darke 1992). It would be expected that, at high heart rates, dimensions and indices of
cardiac function may be markedly altered from normal because of the associated changes in sympathetic
and parasympathetic tone and their effect on loading conditions and myocardial contractility. In the only
equine echocardiographic study in which the consequences of altered heart rate are reported, Pipers
(1978) showed that ventricular dimensions were reduced and fractional shortening was increased when




Echocardiograms were performed using the equipment and technique described in Chapters 4 and 5,
and measured using the methods described in Chapter 6. The measurements made from NSBs were
compared with PBBs.
To allow for the lower incidence of PBBs than NSBs, a criterion for inclusion in the analysis of the
results was that a minimum of three cardiac cycles could be measured for each variable. Only one horse
in the unsedated quantitative study described in Chapter 6 had a sufficiently high incidence of 2 AVB
for the required number of frames of adequate quality to be available for measurement. However, 20
AVB was more frequent during echocardiograms recorded from horses sedated with intravenous
detomidine hydrochloride (Domosedan, SmithKline Beecham Animal Health) (see Chapter 9) and
satisfactory recordings of PBBs were made in 16 sedated animals. Because of the imbalance between
sedated and unsedated animals, the one recording from an unsedated animal was excluded from analysis
of the results.
Statistical methods
LVDs, LVDd, interventricular septal wall thickness (IVS) at end-systole (IVSs) and end-diastole (IVSd),
left ventricular free wall thickness (LVFW) at end-systole (LVFWs) and end-diastole (LVFWd), area of
the LV lumen (LVA) at end-systole (LVAs) and end-diastole (LVAd), area of the myocardium (the area
bordered by epicardium) (MyoA) at end-systole (MyoAs) and end-diastole (MyoAd), FS%, fractional
area change (FAC%) and STIs recorded from PBBs were compared with the mean of the measurements
made from NSBs (recorded during the same echocardiogram while the horse was sedated) using
Student's paired t-test. The critical probability for statistical significance was taken at p = 0.05 on a two-
sided null hypothesis of no difference.
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RESULTS
2 AVB resulted in a statistically significant change in cardiac dimensions. IVSd, LVFWs, LVFWd,
LVDs, LVDd, LVAs, LVAd, MyoAs, pre-ejection period (PEP), the duration of electromechanical
systole (EMS) and the ratio of pre-ejection period and ejection time (PEP/ET) were significantly
decreased for the cycle following the arrhythmia. IVSs, MyoAd, FS%, FAC%, and ejection time (ET)
were significantly increased.
The mean values, range and standard deviation of the parameters measured for PBBs and NSBs in the
group are shown in Table 10.1. The changes in LVD, FS% and FAC%, and PEP and PEP/ET are
shown in Figures 10.1, 10.2 and 10.3 respectively. The mean values in each animal are shown in
Appendix 10.1.
DISCUSSION
The original purpose of this study, to investigate the effects of naturally changing cycle length on cardiac
dimensions and indices of cardiac function, was frustrated by the small number of animals with sufficient
episodes of 20 AVB or lone AF. Although 20 AVB was common in both the "sedentary" and trained
horses examined during the course of the project, the number of times when the PBB coincided with a
position of the ultrasound beam suitable to fulfil imaging criteria was small and often only one or two
beats could be measured. It was unfortunate that the absence of sufficient cases with lone AF meant that
the effects of shortened cycle length could not be evaluated. Since abnormally high heart rates are likely
to occur during examination of clinical cases suspected of having cardiac disease, knowledge of the
effects of shortened cycle length would be particularly useful.
Statistically significant changes were found in all the variables measured; however, with the exception of
the decrease in end-systolic left ventricular dimensions and the altered STIs, the changes in these
measurements was relatively small. It is unlikely that the changes are sufficient to be important in the
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measurement of these parameters in an individual animal. However, they may be important in a
population study and it was considered that PBB measurements should not be included in subsequent
quantitative studies.
An interesting feature of the study was that measurements of end-diastolic left ventricular diameter were
smaller after the long diastolic pause than after a NSB. This indicates that preload is not significantly
increased by the long cycle length, indeed, it may be fractionally reduced. The reason for this is unclear;
it is possible that the plane of the beam through the ventricle is slightly different for PBB measurements
because the swinging motion of the heart during normal sinus rhythm is reduced after a PBB, rather than
the observed change being an actual reduction in end-diastolic volume. The LVDd measurements
suggest that, despite the increased duration of diastole after an episode of 20 AVB and two atrial
contractions, preload was not increased. It was considered that further studies with invasive pressure
measurements would be required to evaluate this change. The effects of the inherent inaccuracies of the
technique and the limitations of repeatability should also be considered when interpreting the results of
the statistical analyses, and the LVDd measurements before and after a blocked beat may be a result of
these unpredictable variations.
The majority of the changes observed were considered to be a result of reduced afterload due to the
"run-off' of aortic pressure during the long diastolic pause. The changes in indices of cardiac function
are compatible with reduced afterload, but could also result from increased contractility. Since there is
no reason that contractility should be increased after a PBB, this illustrates the dangers of using
fractional change synonymously with contractility. The changes in STIs are also compatible with a
decrease in afterload. The substantial change in PEP/ET illustrates the sensitivity of this index to end-
diastolic pressure.
At the outset of the study, methods of artificially raising heart rate were considered in order to
investigate the effects of short diastolic intervals on echocardiographic measurements. The atrial pacing
technique used by Pipers (1978) is probably the method of choice, but even this method may be
complicated by the frequent blocking of the atrial impulse at the AV node (Bonagura, personal
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communication). Atropine could have been used, but its effects on the peripheral vasculature and
contractility are unclear and interpretation of the results would have been difficult. In addition, even
small doses of atropine often result in colic due to its effects on gut motility. A further problem
anticipated when cycle length is uniformly short at high heart rates was the difficulty of recording the
correct imaging plane and decreased temporal resolution, sources of inaccuracy which are likely to be
increased under these circumstances. Excitement related tachycardia is likely to be associated with
behavioural changes which preclude satisfactory recording of the echocardiogram. It was concluded that
"intrinsic" alterations in cycle length were the best method of examining the effects of changes in heart
rate. Echocardiographic changes commonly seen in horses with atrial fibrillation have been reported
(Wingfield and others 1980, Marr 1991), however the effects of beat-to-beat changes were not reported.
It was unfortunate, therefore, that insufficient clinical cases with lone AF were available for the study. In
retrospect, cases with underlying heart disease might also provide useful information because, if the
effects of different cycle length were compared in the same animal, they would act as their own controls.
This remains an interesting subject for future research.
CONCLUSIONS
20 AVB results in small changes in indices of cardiac function which are most likely to be a result of
decreased afterload during the long diastolic interval. The long interval does not, however, result in
significant changes in preload. Measurements should not be made from cardiac cycles following marked
changes in the length of diastole without consideration of these potential changes.
An interesting finding of the study was that the change in LVDd before and after a blocked beat was very
small, indicating that preload was not increased despite the doubling of the duration of diastole and the
fact that the atria contract twice during this period. This suggests that preload is not an important factor
affecting cardiac output at low heart rates.
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CHAPTER 11
ESTIMATION OF LEFF VENTRICULAR MASS AND STROKE VOLUME
FROM ECHOCARDIOGRAPHIC MEASUREMENTS
SUMMARY
Estimates of left ventricular mass and stroke volume were made using formulae for seven different
geometric models of left ventricular shape and measurements derived from guided M-mode and two-
dimensional echocardiography in 34 clinically normal Thoroughbred horses. The in vivo estimates of
left ventricular mass were compared with the actual left ventricular mass measured at post-mortem
examination.
The best estimate of left ventricular mass was obtained using a linear regression equation model and
the planimetered area of the myocardium in the left parasternal reference view, without geometric
transformation (r2 = 78.7). The best estimate using measurements made from the conventional right
parasternal position was the Schiller truncated ellipsoid method (r2
 = 65.0), although simpler
area/length models were only fractionally less accurate (r2
 = 64.8). The results of the study show that
left ventricular mass can be estimated quite accurately from echocardiographic measurements made j
!i!Q, although the estimates are less accurate than those previously made in vitro, indicating
echocardiographic measurement error.
Stroke volume estimates were in general agreement with estimates previously obtained by other
workers using echocardiography and other methods.
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INTRODUCTION
In human medicine, estimates of left ventricular mass (LVM) are useful in a number of clinical
situations. They are a sensitive method of detecting left ventricular hypertrophy (LVII) associated with
hypertension and are a helpful guide to prognosis in people with this condition, providing a valuable tool
in epidemiological studies (Casale and others 1986, Levy and others 1988). In an experimental situation,
estimates of LVM (LVMEs) have been useful in the evaluation of the effects of anti-hypertensive drugs
on LVII (Drayer and others 1983, Dunn and others 1987, Leenen and others 1987, Liebson and Savage
1987). Left ventricular volume estimates can also be a useful prognostic indicator in humans with
concentric LVH due to aortic valve disease and have been shown to be helpful in selecting patients for
aortic or mitral valve replacement and subsequent assessment of LVII regression (Gaash, Andrias and
Levine 1978, Clarke, Korcuska and Cohn 1980, Henry and others 1980, Zile and others 1984,
Krayenbuehl and others 1989). Estimation of LVM may be a more sensitive method of detecting
eccentric LVII than measurement of ventricular dimensions alone and has been useful in quantifying the
effects of valvular incompetence (Gaasch and others 1983, St John Sutton and others 1984) and exercise
training (Morganroth and others 1975, Graettinger 1984, Bullock and others 1986, see Chapters 12 and
13).
In the horse, the range of conditions which may lead to LVH is small compared with other species.
Systemic hypertension is rarely reported in clinical situations although it has been reported in laminitic
ponies (Rugh and others 1987) and there are no reports of congenital aortic valve stenosis. Acquired
aortic stenosis has been described by some cardiologists (Else and Holmes 1972), but few would now
agree with their definition of stenosis as there is no evidence that lesions are large enough to cause
significant obstruction to outflow. However, interest in exercise induced hypertrophy in the horse is
strong. In addition, detection of LVII caused by valvular incompetence may be a useful prognostic
indicator. As only crude methods of evaluating the effects of these conditions have been available
hitherto, the estimation of LVM in horses was considered a worthwhile subject for investigation.
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An accurate two-dimensional echocardiographic (2DE) or M-mode method of estimation of stroke
voiwne (SV) would be also be a valuable clinical aid in horses. Estimates of SV (SVEs) made from
echocardiographic measurements are potentially very useful in a clinical setting because they permit non-
invasive estimation of cardiac output. This would be particularly valuable in physiological studies such as
those investigating the effects of exercise training or pharmacological interventions.
Geometric models have been matched to the shape of the left ventricular lumen and to the myocardial
shell and estimates of myocardial volume (from which LVM is calculated) and SV have been made from
the formulae that describe these models. Simple models were originally used for angiographic estimates,
but later these and additional models were applied to echocardiographic measurements of the left
ventricle (LV) in humans (Feigenbaum 1986) and dogs (Sisson 1989b). In the horse, echocardiographic
estimates of left ventricular volume or myocardial volume have been made (O'Callaghan 1985, Paull and
others 1987, Kuramoto and others 1989, Robine 1990, Lord and Croft 1990, Voros, Holmes and Gibbs
1990b, Leadon and others 1991), but validation of the formulae and methods for estimation of LVM
from 2DE measurements made in vivo has not been reported.
Estimates of LVM are made by subtracting LV internal volume from external volume to calculate the
volume of the myocardial shell and then multiplying the volume of the shell by the specific gravity of
cardiac muscle. These estimates can be compared with those derived from other imaging techniques
such as radiography or computer-aided tomography (CT scanning) and with electrocardiography, but
these methods may be less precise than echocardiography and so may be inappropriate for accurate
validation. Comparison with measurements made from post-mortem (PM) material is preferable as this
is the only truly reliable method of validation and is the "gold standard".
SV is calculated by subtracting end-systolic LV internal volume from the end-diastolic volume. As PM
measurements are inappropriate, the only methods available to validate the accuracy of SVEs are
invasive techniques such as thermodilution, dye dilution, the Fick method, and impedance cardiography
or non-invasive methods such as nuclear scintigraphy and Doppler echocardiography. These
investigations may be subject to similar errors as echocardiography; however, their use has helped to
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confirm (or otherwise) the precision of echocardiographic SVEs. Unfortunately, in the current study, the
use of invasive techniques such as thermodilution to validate the method was not possible because of
financial and ethical restrictions.
For these reasons, the principal purpose of the investigation described in this chapter was to evaluate a
number of geometric models and formulae for estimation of equine LVM and to compare these with
actual LVM (LVMA) measured at PM examination to validate the accuracy of the technique. This
method was then used in later studies to examine the effect of exercise training on LVM. In addition,
echocardiographic estimates of SV were compared with those reported in previous studies which used
invasive or non-invasive techniques.
Literature review
Reports of echocardiographic estimation of stroke volume and left ventricular mass in the human
literature
In human medicine SV has been popular as an index of cardiac function for many years. When the
significance of hypertension in heart disease became apparent, a method of detecting LVH such as LVM
estimation also became an important goal of research. It was recognised in the early days of M-mode
echocardiography that the technique had the potential to be very helpful as a quantitative method from
which estimates of SV and LVM could be made (Feigenbaum, Zaky and Nasser 1967, Troy, Pombo and
Rackley 1972). The advent of 2DE accelerated research into the use of echocardiography to estimate
ventricular volumes (Eaton and others 1979, Wyatt and others 1980a, Wyatt and others 1980b, Helak and
Reichek 1981, Weiss and others 1983). The non-invasive nature of echocardiography is particularly
useful for serial studies, or in species or situations in which invasive measurements are impractical. A
crucial step in the development of the technique was validation of its accuracy. This required
comparison with other established methods in vivo, comparison with necropsy measurements of volumes




Numerous M-mode studies have compared SVEs derived from echocardiographic measurements made
in vivo with those obtained from angiography (Popp and Harrison 1970, Fortuin and others 1971, Pombo,
Troy and Russell 1971, Feigenbaum and others 1972, Murray, Johnson and Reid 1972, Troy, Pombo and
Rackley 1972, ten Cate and others 1974, Bhatt and others 1978, Kronik, Slany and Mosslacher 1979,
Schiller and others 1979, Silverman and others 1980, Meyer, Stockert and Kaplan 1975), the Fick method
of SV estimation (Feigenbaum, Zaky and Nasser 1967, Popp and Harrison 1970), the dye dilution
method (Mashiro and others 1976) and thermodilution (Kronik, Slany and Mosslacher 1979).
Measurement of wall thickness has also been used to calculate LVME from M-mode echocardiography
and angiography and the results compared favourably (Troy, Pombo and Rackley 1972). Estimates of
heart size from M-mode studies have also been compared with electrocardiographic estimates of heart
size (Woythaler and others 1983). In addition, the accuracy of M-mode echocardiography has been
evaluated by comparing LVMEs made from in vivo echocardiographic measurements with LVMA
measured at necropsy (Devereux and Reichek 1977, Salcedo, Gockowski and Tarazi 1979).
Two-dimensional echocardiographic studies
The development of 2DE led to a series of similar validation studies for estimating SV and LVM using
this technique. The accuracy of 2DE was evaluated in vitro by examining canine hearts (Eaton and
others 1979, Wyatt and others 1980a, Wyatt and others 1980b, Weiss and others 1983), human hearts
(Helak and Reichek 1981) and phantoms of known volume (Eaton and others 1979). Comparisons of
LVMEs calculated from in vivo echocardiographic measurements with LVMA measured at necropsy in
normal dogs (Wyatt and others 1979, Salcedo, Gockowski and Tarazi 1979, Stack and others 1987) and in
dogs with cardiovascular disease (Salcedo, Gockowski and Tarazi 1979, Feneley and others 1988) showed
that the technique could be accurately applied in the living patient. Relatively few studies have compared
in vivo 2DE measurements with LVMA measured at PM in humans (Reichek and others 1983, Bryd and
others 1989).
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Numerous studies have also been performed to compare SVEs from 2DE measurements with those
obtained from angiography (Gehrke and others 1975, Folland and others 1979, Schiller and others 1979,
Gueret and others 1980, Silverman and others 1980, Quinones and others 1981, Schnittger and others
1982, Stamm and others 1982, Baran, Rogal and Nanda 1983, Tortoledo and others 1983, Zoghbi and
others 1990). Comparison of LVME derived from plain radiography (Davidson, Krull and Kallfelz 1990,
Kristensen 1990), radionucleotide studies (Starling and others 1981) and electrocardiography
(Woythaller and others 1983, Vacek and others 1990) with 2DE LVME have also been made.
Comparisons of LVME made from 2DE measurements with those made using nuclear scintigraphy have
also been reported (Folland and others 1979, Quinones and others 1981, Baran, Rogal and Nanda 1983).
The accuracy of 2DE estimates has been compared with M-mode estimates (Salcedo, Gockowski and
Tarazi 1979, Schiller and others 1979, Silverman and others 1980, Reichek and others 1983) with the
conclusion that 2DE estimates are the more accurate, particularly in patients with cardiac disorders
resulting in wall asymmetry, such as coronary artery disease.
Selection of geometric models
An integral part of evaluating echocardiographic estimates of SV and LVM has been the selection of
geometric models which approximate to the shape of the LV and the formulae describing these models,
from which the internal and external volumes can be calculated. in general, five basic models have been
used and adapted to attempt to predict SV and LVM accurately from echocardiographic measurements.
The first method used was the cube method (Feigenbaum, Zaky and Nasser 1967, Feigenbaum and
others 1972). A simple formula describing this model is suitable for M-mode measurements which
provide uni-dimensional measurement of LV diameter (LVD) but no measurement pf LV length (LVL)
(volume = LVD3). Many variations on the basic model have been developed to try to improve the
accuracy of the estimates (Murray, Johnson and Reid 1972), however, all have the same fundamental
geometry and use the same echocardiographic data. The first geometric models had been developed to
estimate LV volumes from angiographic studies. Sandier and Dodge (1968) developed a formula for LV
volume calculation from the planimetered area of the angiogram silhouette which found use in many
situations where angiograms were being performed primarily to assess coronary arterial supply or to
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investigate valvular disease. This included the length of the LV in the calculation. Measurement of LVL
directly from 2DE, or estimates of this dimension from other measurements, also allowed area/length
models such as the prolate ellipse (in which the length of the ventricle is assumed to be twice the LVD)
to be used to calculate SVE (Popp and Harrison 1970, Pombo, Troy and Russell 1971, Silverman and
others 1980) or LVME (Wyatt and others 1979, 1980a, 1980b). Where LVL is measured or calculated
independently of LVD, accuracy should theoretically be increased because another variable is included in
the calculation. All area/length models are variations on a cylinder, the most popular being those with
one or both ends of the ventricle represented by an ellipse (Figure 11.1). Again, the fact that the same
echocardiographic data are used means that the correlation between LVME made using these models
and LVMA will be equal; however, different values of SVE or LVME are calculated from each model.
A further variation on the area/length model is the truncated ellipse, in which two lengths within the LV
are measured, creating two separate cylinders, the sum of which produces the SVE or LVME (Schiller
and others 1983). This method is a simplified version of the method using Simpson's rule of disc
summation in which the LV is divided into many small cylinders and each volume added to produce the
total LV volume. The disc summation method has been shown to be the most accurate method of LVM
estimation in several in vitro (Eaton and others 1979, Wyatt and others 1979, 1980a, 1980b, Helak and
Reichek 1981, Weiss and others 1983) and in vivo studies (Folland and others 1979, Schiller and others
1979, Wyatt and others 1979, Gueret and others 1980, Wahr, Wang and Schiller 1983), but it is difficult
and time-consuming to use (Schiller and others 1979, Helak and Reichek 1981, Gueret and others 1980,
Wahr, Wang and Sculler 1983). It has therefore been concluded that, for clinical evaluations in humans,
the advantages offered by the extra accuracy of the Simpson's rule method are outweighed by the
practical diasadvantages. The truncated ellipsoid model is recommended for LYM estimation by the
American Society of Echocardiographers (Schiller and others 1989).
Ranges of LV volumes (Mercier and others 1982, Wahr, Wang and Schiller 1983) and estimated LV
mass have now been established in normal humans (Bryd and others 1985, Devereux 1988).
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Reports of echocardiographic estimation of stroke volume and left ventricular mass in the veterinary
literature
In veterinary medicine, angiography has been used to estimate LV volumes in normal dogs and those
with congenital and acquired heart disease (Lord, Carmichael and Tashjan 1970, Lord 1974, Lord 1977).
In comparison with the number of reports in human medicine, relatively few publications in the
veterinary literature describe echocardiographic estimation of SV or LVM. O'Grady and others (1986)
used 2DE to measure LV internal and external areas in normal dogs and described three formulae
suitable for calculation of luminal and myocardial volumes, but used these to estimate SV only, without
further validation. Sisson, Daniel and Twardock (1989) estimated SV using 2DE and an area/length
geometric model and reported that the values obtained using this method agreed closely with those
derived from gated equilibrium radionucleotide ventriculography in dogs.
In the horse, SV has been estimated from M-mode echocardiography in "sedentary" and endurance
animals by Paull and others (1987) using the cube formula, without any attempt to validate the accuracy
of the method. Kuramoto and others (1989) estimated SV in horses with different training histories,
showing a significantly greater stroke index (S V/body weight) in some performing at the highest level
than in inferior animals. Unfortunately, the authors did not state which model and formula they used for
their calculations. However, they did validate the technique by comparing estimates of SV made from
2DE with those obtained using the dye dilution method, demonstrating a close correlation between these
volumes (r = 0.956), but finding that 2DE estimates were consistently higher. Robine (1990) estimated
SV from 2DE measurements using formulae derived from human medicine and his own truncated
ellipsoid model and found the values to be much lower than those reported previously in studies using
invasive methods (Kubo, Senta and Sugimoto 1975, Milne and others 1977) or M-mode
echocardiography (Paull and others 1987). In addition, Robine was unable to perform validation studies,
presumably because the horses in his studies were clinical cases. Suitable models for validation of LV
volume in the horse were investigated in vitro by Voros, Holmes and Gibbs (1990b), using latex casts.
These authors appreciated the impracticality of identifying the true cardiac apex and therefore in
measuring LVL in the horse. They derived a formula to estimate LVL, based on measurement of length
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measurement of length of the chordae tendineae from PM studies. They showed that 2DE could be used
to predict LV volume accurately in vitro. The study did not examine models and formulae for diastolic
LV volume estimation, or describe estimates derived from 2DE measurements made in vivo, but
illustrated a potentially valuable use for 2DE in the horse.
Reports describing the use of echocardiographic measurements to estimate LVM are rare in the
veterinary literature. Gooding, Robinson and Mews (1986b) reported that LVM, estimated from M-
mode measurements, was significantly greater in English Cocker Spaniels with dilated cardiomyopathy
than LVMA in normal dogs of this breed (Gooding, Robinson and Mews 1986a). They showed that
LVME calculated from M-mode measurements made in normal dogs in vivo, using the models, formulae
and correction factors described by Mashiro and others (1976), was significantly correlated (r = 0.66) with
LVMA measured at necropsy (although LVME using the cube method was not).
O'Callaghan (1985) examined 47 horses using M-mode echocardiography and compared the cardiac
dimensions with PM fmdings. He found a close correlation between LVMA and LVME derived from
fonnulae based on the cube model and a prolate effipse model (r = 0.806-0.823), but also found similar
correlations between LVMA and external LV diameter (r = 0.823). The closest correlation between
LVMA and an echocardiographic measurement was with mean wall thickness (mean of IVS and LVFW
thickness in systole and diastole) (r = 0.827). The correlations between the different methods of
estimating LYM and LVMA are similar because the raw data used are the same. O'Callaghan's study
(1985) illustrated the accuracy of echocardiographic estimation of heart mass in horses in vivo. In
addition to estimating SV, Paull and others (1987) calculated LVM in "sedentary' and endurance horses
from a cube model and established that the trained animals had significantly greater LVME than those
which were 'sedentary". Leadon and others (1991) estimated LVM in 630 Thoroughbred yearlings, using
a formula obtained by personal communication with Rantanen, based on 2DE measurement of the
diastolic left ventricular area and diastolic LV free wall (LVFW) thickness. They found that there was
no significant difference between LVME in yearlings that later performed well as two- and/or three-
year-olds and those that had poor future performance records. In neither of these studies was PM
material available for validation of the accuracy of the formulae used.
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Lord and Croft (1990) investigated the use of seven geometric models and associated formulae to
estimate equine LVM and compared LVME made from in vitro 2DE and M-mode examinations with
LVMA. They established a fixed ratio of external wall diameter (LVD and wall thickness) to LVL from
measurement of the necropsy specimens and used this ratio to estimate LVL for later calculations. They
found a very close correlation between LVME and LVMA. Area/length models correlated with left
ventricular external volume (myocardial volume plus LV volume, r 2 = 0.963) only fractionally less well
than the Sculler truncated ellipsoid model (r 2 = 0.969). Area/length models and the Schiller model
correlated equally well with actual left ventricular internal volume (r 2 =0.943). Lord and Croft (1990)
then used an area/length model to estimate LVM, finding a close correlation between LVMA and M-
mode estimates (r2 = 0.892) and an even closer correlation with 2DE estimates (r2 = 0.965). Their
studies suggested that there is considerable potential for the use of 2DE to estimate LVM in vivo. The
current study sets out to investigate this potential.
MATERIALS AND METHODS
Experimental methods
Thirty-four Thoroughbred horses aged 4-15 years (mean 7.8 years) were examined echocardiographically
in the week prior to slaughter using the equipment and procedure described in Chapter 4 and the
imaging methods described in Chapter 5. Measurements were made retrospectively from video
recordings using the methods described in Chapter 6. The horses comprised 14 castrated males and 20
females weighing 420-610 kg (mean 515 kg). All were subject to the same management conditions, as
described in Chapter 2. None showed clinical evidence of disease.
LVMA was measured using the chamber partition method described in Chapter 2.
M-mode measurements of LV diameter (LVD), interventricular septal thickness (IVS) and LVFW,
made at the chordal level from the right 'reference" view, and 2DE measurements of the area of the LV
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lumen (LVA) and myocardial area (the area bordered by the epicardium, MyoA) made from the right
and left "reference" views, were used for calculations. Both end-systolic and end-diastolic measurements
were made. M-mode measurements were converted into areas needed for the formulae described
below. LVM was calculated assuming a myocardial specific gravity of 1.05 (Lord and Croft 1990). LVL
was estimated using the ratio of external LV diameter (end-systole) to LVL of 1:1.46 described by these
authors.
Formulae for the calculation of LVM were derived from geometric models used in previous studies
(Lord and Croft 1990, Leadon and others 1991). The geometric models and the formulae for calculation
of estimated volumes from which LVM (LVME) is derived are shown in Figure 11.1. Model 1 was the
simple "cube" method described by Feigenbaum, Zaky and Nasser (1967) and Feigenbaum and others
(1972). Models 2-5 were variations on a basic area/length model, with different shapes within the basic
cylinder ("ellipsoid", "bullet", "variable bullet" and "variable pencil"). Model 6 was the "truncated
ellipsoid" model described by Schiller and others (1983, 1989). The formulae were used to calculate the
external LV volume (myocardium and LV) and the internal LV volume. From these figures the volume
of the myocardium was determined and LVM was calculated assuming a myocardial specific gravity of
1.05 (Lord and Croft 1990). LVL was required for all but two models (1 and 7) and was estimated using
the ratio of external LV diameter (end-systole) to LVL of 1:1.46 described by these authors. The linear
regression equations derived from the in vitro echocardiographic study of equine LVM reported by Lord
and Croft (1990) were used for calculation of a "corrected" LVM from the 2DE measurements made
from the right "reference" view, in addition to "uncorrected" estimates. In addition, the "Rantanen"
formula described by Leadon and others (1991) was used to estimate LVM from both M-mode and 2DE
measurements (model 7). Since this model used diastolic LV area, it was applicable to diastolic
measurements only. Where areas were required for calculations, M-mode measurements were
converted using simple maths. LVMA was also correlated with measurements of LVA and MyoA
without geometric transformation.
Stroke volume was estimated from measurements of LVA in all 34 horses and in an additional three
animals in which post-mortem LVMAs were not available. The cube and area length methods were used
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and where applicable (systolic volumes) the correction factors described by Croft and Lord (1990) were
applied. SV estimates could not be validated in the horses in this study and were only made using the
2DE model and the linear regression equation which correlated closest with actual LV volume in the
experiment described by Lord and Croft (1990).
Statistical methods
LVMEs, LVAs, LVAD, MyoAs and MyoAd were correlated to LVMA using Pearson's correlation
method and regression equations were established for the models which correlated closest with LVMA
using linear regression analysis. The critical probability for statistical significance was taken at p = 0.05
on a two-sided null hypothesis of no difference.
RESULTS
The closest correlation between LVMA and LVME or original measurements was found between
MyoAs measured from the left parasternal reference view (r = 0.887). The geometric model using
measurements made from this view which correlated best with LVMA was the simple cube method (r =
0.877).
For measurements made from the right side of the chest, the formula which described the LVMA best
was that for model 6, the S chiller truncated ellipsoid (r = 0.806). The area/length models were only
fractionally less closely correlated (r = 0.805). Of these, model 5 (variable pencil) was selected for use in
later studies. Estimates using M-mode measurements correlated with LVMA less closely than 2DE
estimates. An adaptation of the Rantanen model (Leadon and others 1991) (model 7) using LVA
calculated from diastolic LVD and LVFW thickness in diastole produced the best fit for M-mode
measurements (r= 0.772 for right-sided measurements, r= 0.792 for left-sided measurements).
Estimates made from diastolic measurements were consistently less closely correlated with LVMA than
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those made from systolic measurements from the corresponding view. The "corrected" LVMEs were
consistently less well correlated with LVMA than the simple, uncorrected estimates.
The mean values of LVMA and the LVMEs derived from the different models are shown in Table 11.1.
The correlation coefficients derived from each of the methods used and the regression equations which
can be used to estimate LVM from these models are shown in Table 11.2. The range of values for SVE
derived from the formula of Lord and Croft (1990) is shown in Table 11.3, and the mean of these values
is shown along with SVEs from previously published studies in Table 11.4. Scatter graphs showing the
relationship between the LVME using model S for right parasternal reference view measurements, and
left parasternal reference view MyoAs, with LVMA are shown in Figures 11.2 and 11.3. The LVME and
LVMA values for each horse using the different models and variables are listed in the Appendix 11.1,
and those for SVE are shown in Appendix 11.2.
DISCUSSION
The accuracy of 2DE estimates of SV and LVM depends on two important factors. Firstly, the
assessment of geometric models and associated formulae and secondly, the accuracy of
echocardiographic measurements used in the calculations.
Lord and Croft (1990) evaluated seven formulae, but five of these were variations of the area/length
model. The length of the two portions of the variable bullet and the variable pencil models used in their
study were in fact fixed ratios of LVL because they could not be directly measured in the horse.
Consequently, because they are derived from the same basic data, the correlation of LVME with LVMA
using these models is the same as for the simpler area/length models. Only the slope and intercept of
the linear regression equation alter. In the current study, model 5 was selected for use from
measurements made from the right parasternal short-axis view in later studies; although using the
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LINEAR REGRESION EQUATION FOR THE GEOMETRIC MODELS WHICH
MOST CLOSELY CORRELATED WITH ACTUAL LEF1 VENTRICULAR MASS (g)
RIGHT SHORT-AXIS 2DE SYSTOLE
MODEL 2	 LVM = 922 + 0.529 LVME	 (r2 = 64.8)
MODEL 3	 LVM = 922 + 0.423 LVME	 (r2 = 64.8)
MODEL 4	 LVM = 922 + 0.453 LVME	 (r2 = 64.8)
MODEL 5	 LVM = 922 + 0.634 LVME	 (r2 = 64.8)
MODEL 6
	
LVM = 931 + 0.362 LVME	 (r2 = 65.0)
RIGHT SHORT-AXIS M-MODE SYSTOLE
MODEL 1	 LVM = 1184 + 0.282 LVME	 (r2 = 53.4)
RIGHT SHORT-AXIS M-MODE DIASTOLE
MODEL 7
	 LVM = 1148 + 0.380 LVME	 (r2 = 59.6)
LEFT SHORT-AXIS 2DE SYSTOLE
MYOAS	 LVM = 286 + 9.61 MYOAS	 (r2 = 78.7)
MODEL 1
	 LVM = 977 + 0.339 LVME	 (r2 = 76.9)
LEFT SHORT-AXIS 2DE DIASTOLE
MODEL 7
	 LVM = 1197 + 0.375 LVME	 (r2 = 62.8)
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The appearance of the geometric model does not have to resemble the shape of the LV in order for it to
be useful. The variable pencil model (model 5, Figure 11.1) matches the shape of the latex casts in the in
vitro study described by Voros, Holmes and Gibbs (1990b) more closely than other models, but estimates
using this model are not necessarily preferable to those made from the simpler area/%ength models.
This is illustrated by the close correlation between LVME and LVMA for the cube model or MyoAs
using measurements from the left parasternal view.
The fact that the regression equation does not have a Y intercept near zero suggests that the formulae
may not be useful over a very wide range of LVM. However, the aim of the study was to validate a
formula for estimation of LVM in Thoroughbred horses. In other breeds, different formulae may be
more appropriate.
A major limiting factor in the estimation of LVM in horses, compared with humans and dogs, is the fact
that LVL cannot be measured from the parasternal view and that a true apical view, from which LVL is
measured in other species, cannot be obtained in adults. Estimates therefore depend on measurement of
left ventricular diameter or area in a single transverse plane. Consequently, the advantage of 2DE over
M-mode for volume estimation is relatively less important in the horse than in other species.
Another reason that the advantages of 2DE over M-mode, which are recognised to be important in
humans (Teichholz and others 1976, Gueret and others 1980, Wyatt and others 1980b), are less
significant in horses is that asynchrony of LV contraction is relatively uncommon. This is largely because
coronary artery disease is exceptionally rare in the horse, although LV failure frequently leads to
secondary RV overload and abnormal motion of the IVS which may result in apparent asynchrony in this
species (Patteson, unpublished data). Consequently, a single dimension is more likely to be
representative of global myocardial function in horses than it is in human patients suffering from
myocardial ischaemia.
The current study relies on the ratio of LVL to LVD and wall thickness established by Lord and Croft
(1990). In retrospect, LVL could usefully have been measured at PM in the current study to re-evaluate
this ratio. Voros, Holmes and Gibbs (1990b) used the length of chordae tendineae to estimate LVL,
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thereby adding a measurement in another plane to 2DE estimates of LVM. This method was an elegant
way of avoiding problems in LVL measurement in theory, but in the current study, chordae tendineae
length proved impossible to measure in vivo with any degree of accuracy (see Chapter 6). Indeed, Voros,
Holmes and Gibbs (1991) did not measure chordal length in a follow-up study of cardiac dimensions
made using 2DE in the living horse, possibly for this very reason.
O'Callaghan (1985) demonstrated that while systolic and diastolic external LVD were not significantly
different when measured echocardiographically, PM measurement of this dimension was significantly
smaller. This could mean that use of the ratio of LV external diameter to LVL derived from the PM
study reported by Lord and Croft (1990) contributes to the overestimation of LVM from
echocardiographic measurements. However, Stack and others (1987) have shown, using simple
geometry, that the variation in the LVL used in area/length model calculations has relatively little effect
on the LVME.
Both the current study (with the exception of models 1, and 7) and that of Lord and Croft (1990) assume
the same LVL for both internal and external volumes because the LV wall at the apex is very thin (4mm
or less), as reported in the latter study. For the purposes of the current study it had to be assumed that
the external diameter/length ratio determined from post-mortem studies was also valid in diastole for
estimates of SV and diastolic LVME. Diastolic LVMEs were less closely correlated with LVMA than
systolic LVMEs, and error in the estimated length may account for some of this variation. However
evidence in humans suggests that LV shortening in the long axis during systole is small (Quinones and
others 1981). An additional factor is that the shape of the ventricle in diastole may be different from that
in systole. This factor limits the usefulness of PM evaluation of LV volumes to validate estimation of
SVs, which are therefore probably better validated by other methods in vivo. Nonetheless, the SV
estimates obtained in the current study using correction factors derived from the report of Lord and
Croft (1990) were similar to those obtained by other workers in previous studies (Table 11.4). This
suggests that the method has potential for clinical application, although estimates in individual animals
may not be particularly accurate. For example, the use of correction factors produced from PM studies
may not be appropriate for diastolic volumes. Further investigations, with simultaneous use of
246
techniques such as thermodilution and nuclear scintigraphy, would help to validate the accuracy of 2DE
derived SVEs.
The correlations between LVME and LVrvIA using either M-mode or 2DE from the right hemi-thorax
are not as strong in the current investigation as in the study described by O'Callaghan (1985). A
contributory factor to this difference may be the much narrower range of LVMA5 in the current study
making variation due to measurement error more important in relation to individual differences between
horses than in O'Callaghan's study, in which a large range of heart weights was recorded.
It is difficult to explain why LVM estimates using echocardiographic measurements made from the left
side of the chest were more closely correlated with LVMA than those made from the right. In
retrospect, it would have been helpful if measurements had been made from the left in all horses and in
subsequent studies. Unfortunately, the information could not be obtained until after slaughter so that
the need to rationalise the number of measurements made from each horse arose before it was available.
It is possible that the closer correlation is due to better image resolution in the near field because of the
relatively short focus of the transducer used, or error in plane selection. Although the models may
simply be more suitable for information obtained from the left "reference" short-axis view because of
slight variation between this image plane and the right "reference" short-axis view, the fact that MyoAs
correlates best with best with LVMA suggests that echocardiographic factors may be responsible.
One of the principal advantages of LVM estimates is their sensitivity in detecting either eccentric or
concentric LVH. However, one of the reasons for this sensitivity is the amplification of linear or area
echocardiographic measurements. Inevitably, the very amplification which results in a bigger difference
in LVME than in the original echocardiographic measurements is a potential source of error. Attention
to detail in imaging and measuring technique is therefore vital, or LVM estimates will be potentially
misleading.
In horses, the principal use of LVM estimates would be for sensitive detection of eccentric hypertrophy
as a means of evaluating the effects of valvular heart disease and exercise training. The former requires
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critical assessment of extensive serial investigations in affected horses and clinical experience. The latter
is discussed in the subsequent chapters.
Validation of 2DE estimates of SV and subsequent calculation of cardiac output is difficult, particularly
as there are no true gold standards with which results can be compared, unlike estimation of LVM. An
investigation of values of SVE derived from 2DE was thought to be worthwhile because of the simplicity
and potential value of the method. However, Doppler echocardiography and nuclear scintigraphy may
be more accurate methods of estimating SV in horses. An additional problem in estimating cardiac
output in horses is that it is extremely labile and a true resting state is difficult to establish or define. It is
therefore difficult to compare results of different studies, or to validate the accuracy of
echocardiographic studies without simultaneous use of invasive methods. Furthermore, validation of the
use of the geometric models and formulae may be made more accurately for mass estimates and PM
studies than validation of the accuracy of SVEs in the horse, because the in vivo SVEs have unavoidable
inaccuracies. LV volume measurements made at PM examination will be affected by rigor mortis and
any fixation method (Eckner and others 1969, Stack and others 1987) and may be unrepresentative of
true volume in vivo. For these reasons, the investigation described in this chapter concentrated on
echocardiographic estimation of LVM, with PM measurement of LVMA to validate the accuracy of the
technique.
CONCLUSIONS
LVM can be estimated from 2DE measurements with sufficient accuracy to make the method clinically
usefuL The most appropriate geometric model appears to be an area/length model for measurements
from the right parasternal short-axis. The formula for calculation of LVME from model 5 is:
LVME (g) = External (AL/3 + 2AL/9) - Internal (AL/3 + 2AL/9) x 1.05
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The use of a regression equation predicts LVMA accurately from 2DE measurements over the range of
weights investigated in the study and is likely to be useful over the range of LVM found in Thoroughbred
horses.
The regression equation for model 5 using right short-axis measurements is
LVM (g) = 922 + (0.634 x LVME)
The regression equation for MyoAs using left short-axis measurements is
LVM (g) = 286 + (9.61 x MyoAs)
The most suitable method of LVM estimation using M-mode measurements is that based on the formula
developed by Rantanen. The regression equation to estimate LVM from this method using right short-
axis measurements is
LVM (g) = 1197 + (3.75 x LVME).
Stroke volume estimates using the area/length models and corec&n fQcmsiae gici cj Lois 'ris Civi
(1990) were comparable with previous estimates and may be suitable for clinical use, but further
validation of the method is required.
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CHAPTER 12
ECHOCARDIOGRAPHIC MEASUREMENT OF CARDIAC DIMENSIONS
AND INDICES OF FUNCTION IN THOROUGHBRED HORSES
IN TRAINING FOR NATIONAL HUNT RACING
SUMMARY
Guided M-mode and two-dimensional echocardiographic measurements were made in 30 clinically
normal adult Thoroughbred National Hunt racehorses in training. The values of cardiac dimensions
and Indices of cardiac function obtained in these animals were compared with those obtained in 38
clinically normal adult Thoroughbred horses which performed minimal exercise.
The study showed that left ventricular diameter at end-systole and end-diastole, left atrial diameter,
estimated stroke volume and left ventricular mass were significantly greater in animals which were
undergoing race training than in horses of the same breed with a "sedentary" lifestyle. Differences in
'ull thickness were considered to be too small to be of biological significance. Indices of cardiac
function were similar in both groups. The differences observed are considered to be likely to be a
result of the effects of training, although a genetic component of variation may have contributed to the
findings.
INRODUCTION
It is generally believed that exercise training will have effects on the efficiency of the heart and that these
adaptations may confer a competitive advantage to the individual involved (McMiken 1983). In addition
to anecdotal reports of cardiomegaly in horses of well-known athletic ability (Hermann 1929), some
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workers have suggested that heart size may be directly related to athletic performance (Stewart and Steel
1970, Steel and Stewart 1974). However, the evidence of these authors was based on the unreliable
method of heart score measurement. More specifically, Kubo, Senta and Sugimoto (1974) examined 61
adult Thoroughbred horses (TBs) post-mortem and found that heart weight was greater in those with a
recent history of six months or more of exercise training than in inactive animals, including those which
had been trained prior to their period of inactivity. Despite the implications of these fmdings, little
further work has been reported in which the significance of exercise-induced myocardial hypertrophy has
been investigated.
A knowledge of the effects of training on cardiac size and function in the racehorse would be helpful in
understanding the cardiovascular adaptations which accompany athletic performance. Echocardiography
is the only practicable method of investigating these factors non-invasively in a large number of animals.
Literature review
The effects of exercise training on the heart in humans were described by Henschen in 1899, who coined
the phrase "the athletic heart" (Shapiro 1986, Rost 1990). Henschen used the simple method of
percussion to outline the cardiac shadow. Later, radiography was used to image the cardiac silhouette
and it was shown that the overall volume of the heart is larger in human athletes than in non-athletes
(Ekblom 1969, Ikaheimo, Palatsi and Takkunen 1979, Bekaert and others 1981, Keul and others 1982,
Pannier, Bekaert and Pannier 1982).
Exercise induced cardiomegaly has also been found in animals subjected to exercise training. Controlled
experimental studies with necropsy measurements have shown that exercise training can result in
increased heart mass in rats (Van Liere and Northrup 1957, Crews and Aldinger 1967, Oscai, Mole and
Holloszy 1971, Schaible and Scheuer 1981, Buttrick, Mathotra and Scheuer 1988), dogs (Tipton and
others 1974, Carew and Covell 1978) and pigs (White and others 1987, Laughlin and others 1991).
Species and breed differences also influence relative heart size. For example, the heart weight/body
weight ratio has been shown to be greater in athletic breeds of horse than in other breeds (see Chapter
2).
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To understand fully changes in cardiac size, the internal volume of the ventricles must be measured in
addition to their external size. Clinical examination and radiography cannot provide information on
internal chamber diameter, while post-mortem studies obviously preclude longitudinal evaluation and
cannot be performed in racehorses during training. Instrumentation for estimation of stroke volume is
invasive and it can be difficult to maintain accuracy because of the indirect nature of some methods.
However, the advent of echocardiography has provided an invaluable tool for monitoring changes in
internal and external cardiac dimensions and assessing cardiac function.
Echocardlographic evaluation of the effects of exercise training in man
In man, numerous studies have been carried out to investigate the effects of different forms of exercise
training on cardiac dimensions and function. Research has concentrated on the effects of exercise on the
left ventricle (LV), but similar changes occur in the right ventricle (RV) (Roeske and others 1976,
Hauser and others 1985). Reports describing the echocardiographic investigation of the effects of
exercise have been reviewed by Morganroth and Maron (1977), Keul and others (1982), Graettinger
(1984), Oakley (1984), Shapiro (1984), Bullock, Albers and Hall (1986), Maron (1986), Shapiro (1986)
and Rost (1990). Perhaps the most notable original studies are those reported by Morganroth and
others (1975), Rost, Schneider and Stegmann (1975), Rashkoff, Goldman and Cohn (1976), Roeske and
others (1976), DeMaria and others (1978), Ehsani, Hagberg and Hickson (1978), Ikaheimo, Palatsi and
Takkunen (1979), Nishimura, Yamada and Kawai (1980), Shapiro and Smith (1983), Fagard and others
(1984), Martin and others (1986) and Mickelson and others (1986). With the exception of the
investigation reported by Gilbert and others (1977), all of the studies discussed in this section report that
isotonic exercise, often termed endurance training, results primarily in eccentric hypertrophy of the
ventricles, independently from any effect of low heart rate. Some studies have shown that isometric
exercise (power training) results in concentric hypertrophy (Morganroth and others 1975, Snoeckx and
others 1981), although others consider that this is likely to be related to the extremely large body size in
many of these athletes (Longhurst and others 1980, Shapiro 1984). Some activities such as cycling or
dancing may comprise both forms of exercise (Cohen and others 1980, Fagard and others 1984) and wall
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thickness may be significantly affected by the isometric component. Both forms of exercise have the
capacity to result in substantial increases in estimated heart mass.
The effects of age, ses and genotype
The effects of age, sex and genetic influences on the degree of exercise induced hypertrophy have also
been investigated. It has been shown that humans of any age can respond to exercise by increasing heart
mass (Nishimura, Yamada and Kawai 1980, Morrison and others 1986, Ehsani and others 1990);
however, the effects are most marked in young adults (Adams and others 1981, Welling and others 1981).
In children, exercise has been shown to result in an increase in ventricular wall thickness rather than
eccentric hypertrophy (Allen and others 1977, Geenen and others 1982). Heart mass in males is usually
greater than that in females (Zeldis, Morganroth and Rubler 1978, Mason 1986, Mickelson and others
1986), but some workers believe that the majority of this difference can be attributed to different body
size, and changes seen as a result of exercise are similar in both sexes (Zeldis, Morganroth and Rubler
1978, Mickelson and others 1986, Morrison and others 1986).
The influence of genetic factors is little understood, partly because of the difficulty in establishing
controlled studies, but investigations performed by Adams and others (1985) and Bielen, Fagard and
Amery (1990 and 1991) have shown that the contribution of genetic influences to ventricular diameter
and the capacity of the heart to respond to the stresses imposed by training are relatively small, in
comparison with the influence of the extent of training. The genetic component of cardiac hypertrophy
obviously has profound implications for the equine bloodstock industry. Echocardiography has the
capacity to allow investigation of this aspect of cardiac adaptation to training.
Heart size and competitive ability
Noting that athletes had larger hearts than inactive people, Henschen (1899) suggested that this
conferred on them a competitive advantage such that "the large heart will win the race". A number of
studies have compared the relative cardiac dimensions in athletes of different ability, either measured in
terms of competitive results or maximal oxygen uptake (V0 2 max). Some studies have shown a
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significant difference in some variables between athletes of differing standards (Shapiro 1984, Crawford,
Petru and Rabinowitz 1985) and others have shown that increased VO 2 max, which correlates closely to
athletic performance, is related to increased cardiac dimensions (Zeldis, Morganroth and Rubler 1978,
Bekaert and others 1981, Pannier, Bekaert and Pannier 1982). However, the majority of investigations
have shown no relationship between athletic ability and heart size (Morganroth and others 1975, Allen
and others 1977, Underwood and Schwade 1977, Welling and others 1981, Mickelson and others 1986).
It has been suggested that horses with large cardiac size are capable of greater athletic performance than
those with smaller hearts (Stewart and Steel 1970, Steel and Stewart 1974, McMiken 1983), but there is
little concrete evidence for this suggestion up to the present time.
The effects of detraining
The effects of detraining have also been investigated echocardiographically. It has been shown that a
significant decrease in LV diameter (LVD) may occur a short time (weeks) after training ceases (Ehsani,
Hagberg and Hickson 1978, Shapiro and Smith 1983, Martin and others 1986). However, a reduced level
of training may result in maintenance of exercise induced hypertrophy (Hickson arni others 1982?. Evea
prolonged inactivity (wheelchair confmement, Washburn and others 1986) or a reduction in energy
intake (anorexia nervosa, St John Sutton and others 1985) can result in reduced left ventricular mass
(LVM) in relation to body weight (LVM index) in comparison to normal controls. The effects of
detraining on cardiac dimensions in the horse have seldom been addressed; however, they may be a
significant consideration in the routine management of racehorses, especially those returning to training
after enforced rest. Furthermore, if the effects of detraining are not considered in evaluation of heart
size in different horses, this unknown variable may affect the results of the investigation.
The effects of training on cardiac performance
The effects of exercise training on cardiac performance have also been investigated. Although some
studies show that cardiac function at rest is enhanced by training (Stein and others 1980, Morrison and
others 1986), the majority show no significant change in indices of contractility associated with the
bypertrophy (Graettinger 1984, Shapiro 1984, Maron 1986). In addition, unlike the effects of
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pathological conditions leading to increased heart mass, diastolic function is unaffected by physiological
hypertrophy due to exercise training (Matsuda and others 1983, Colan and others 1985).
It has been more difficult to establish the effects of exercise training on cardiac function during exercise,
but it seems that the exercise-trained heart has the capacity for increased systolic and diastolic function
at high heart rates in humans (Bruce 1990, Spina and others 1992) and in horses (Thomas and Fregin
1981, Sexton, Erickson and Coffman 1987, Weber and others 1987). Exercise training enables the heart
to manage the changes in heart rate, preload and afterload better than untrained hearts (Codini,
Yipintsoi and Scheuer 1977, Matsuda and others 1983, Crawford, Petru and Rabinowitz 1985). In these
instances the effects of other alterations in the cardiovascular system such as myocardial biochemical
changes (Scheuer, Pepargkul and Bhan 1974, Baldwin, Cooke and Cheadle 1977, Sordahl and others
1977, Baldwin 1985), increased myocardial perfusion (Scheuer, Pepargkul and Bhan 1974, Breisch and
others 1986, Laughlin, Overholser and Bhatte 1989) and peripheral changes (Stone 1977, Bruce 1990)
may also be important. A full discussion of these factors is beyond the scope of this review.
The effects of exercise training in horses
The exercise training performed by racehorses can probably be considered to be entirely isotonic, so all
equine exercise training can be termed endurance.
In terms of capacity for cardiac output, one of the most important exercise-induced cardiac adaptations is
increased stroke volume (SV). SV estimates have been made in trained and untrained horses from
measurement of cardiac output using the Fick method, with equivocal results (Physick-Sheard 1985).
Thomas and others (1983) showed that there was a 15% increase in resting stroke volume in horses that
had undergone exercise training compared with the values before training, but Bayly, Gabel and Barr
(1983) and Rodiek, Lawrence and Russell (1987) reported no change. The differences in the results may
have occurred because the estimates are derived from data which are subject to variation caused by
uncontrolled factors such as changed loading conditions, or because the intensity of training differed.
However, it must be recognised that data obtained from invasive studies are limited because of the
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problems of establishing reliable methods, the changes in variables such as heart rate and loading
conditions caused by the intervention itself and in particular, the small numbers of animals studied.
Echocardiographic studies
Echocardiography is an ideal method for investigating the cardiovascular effects of training in horses. A
number of equine echocardiographic studies have investigated the difference between cardiac dimensions
and indices of function in athletic horses and less athletic individuals. Lescure and Tamzali (1984)
examined 20 racing TBs, 36 Selle Francais horses (SFs) and a reference group of 100 other horses of
various types and found that ventricular wall thickness was significantly greater in TBs than SFs and that
left atrial appendage diameter and LV diameter at end-diastole (LVDd) were greater in TBs than in the
mixed group. Paull and others (1987) compared measurements of cardiac dimensions and functional
indices recorded using unguided M-mode echocardiography in endurance horses with those from
"sedentary' animals and found a significantly greater aortic root dimension, LV free wall thickness, end-
systolic LVD (LVDs) and estimated LV myocardial mass (LVM) in the endurance group. However,
these groups may not have been entirely comparable because they contained animals of different breeds
and markedly different weights. Robine (1990) compared cardiac dimensions in 'sedentary" and active
warm-blood horses and found no significant difference between the groups. However, the active horses
performed dressage or show jumping, neither of which has a requirement for extreme fitness and which
may not be sufficiently rigorous activities to result in physiological adaptation. Kurarnoto and others
(1989) conducted the most valuable investigation reported to date, partly because the horses in their
;tudy were of similar age, breed and weight. They showed that there were significant differences in
)iDd and SV between the trained and untrained horses. Furthermore, they showed that the dimensions
n the horses which had the best performance records were greater than those with poor performance
ecords. These workers also discussed the potential for the effects of detraining on cardiac dimensions.
eadon and others (1991) took the investigations one step further by measuring cardiac dimensions in
arllngs and comparing the values with the horses' subsequent racing performance as two and three
ar-olds. The purpose of their study was to investigate the relationship between genotype expressed in
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the form of heart size prior to training and later competitive records, in order to establish whether
measurements of cardiac dimensions in horses at the time of sale could be a guide to their future
performance and therefore to their value. The use of echocardiography in this context is potentially
subject to similar abuse as the heart score" method, the results of which have influenced the financial
value of animals and even led to their destruction (Stewart 1981). They found no correlation between
heart size prior to the start of race-training and future performance and no significant difference
between the cardiac dimensions of the best and worst performers. However, they did not have the
opportunity to re-examine the animals echocardiographically during their active racing careers and many
other factors may have affected the performance levels.
MATERIALS AND METHODS
Experimental methods
Thirty TB horses used for National Hunt racing, based in a successful training establishment, were
examined. None of the animals had historical evidence of cardiovascular disease and no other clinical
abnormalities had been detected during the month prior to examination. All animals had been in full
training for at least two months and the majority had been in training in previous years. The animals
examined had a varied history of racing success, with a few animals of unknown racing potential, some
vith no wins or places and others of national repute.
Echocardiographic examinations were carried out using the equipment, procedure and imaging methods
lescribed in Chapters 4 and 5. Measurements were made in accordance with the guide-lines described
a Chapter 6. The cardiac dimensions measured were LVDs, LVDd, interventricular septal (IVS)
bickness at end-systole (IVSs) and end-diastole (IVSd), LV free wall thickness (LVFW) at end-systole
LVFWs) and end-diastole (LVFWd), the area of the LV lumen (LVA) at end-systole (LVAs) and end-
iastole (LVAd), the area of the LV myocardium (the area bordered by the epicardium) (MyoA) at end-
ysEo(e (MoAs), fractional shortening (FS%), fractional area change (FAC%), left atrial diameter at
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end-diastole (LAD) and aortic valve diameter (AoVD) measured at the sinus of Valsalva (SVS) at end-
diastole (SVSd) using the inner-edge (IE) method. SV and LVM were estimated using the methods
described in Chapter 11. LV systolic time intervals (STIs) were also measured and compared. These
were pre-ejection period (PEP), ejection time (ET), duration of electromechanical systole (EMS), the R-
R interval (R-R) and the ratio of PEP and ET (PEP/ET).
Statistical methods
The values of cardiac dimensions and functional indices obtained from the racing TBs (RG) in the
current study were compared with those obtained from the "sedentary" TBs (SG), reported in Chapter 6,
using Student's t-test with pooled variance. The critical probability for statistical significance was taken
at p = 0.05 on a two-sided null hypothesis of no difference.
RESULTS
LYDs, LVDd, LVAs, LVAd, MyoAs, LAD, estimated SV and estimated LVM were significantly greater
in the RG than the SG. LVFWd and R-R were significantly greater in the SG than the RG. No
significant differences were found for other dimensions. No significant differences were found between
the indices of cardiac function in the two groups.
The mean values, standard deviation and range of measurements recorded in the RG is shown in Table
12.1, in addition to the mean values obtained in the SG in the earlier study and the significance of the
difference, if any.
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The magnitude of the significant differences in dimensions between the groups observed in the study was
sufficiently great to suggest that they were real as they were greater than that which might be expected
purely from variations due to technical error (see Chapter 8). It is likely that the differences between the
SG and RG were a result of the exercise training that the racehorses received. While the SG were
retired racehorses, they had not received any exercise training for at least four months at the time of
examination and it is likely that any exercise induced hypertrophy would have regressed. However, it is
possible that, at one extreme, some hypertrophy was still present, while at the other extreme, that the
exercise regime under which they were kept was so limited that the cardiac dimensions were even
smaller than would be found in TBs kept for pleasure riding purposes. However, the values recorded in
these "sedentary" animals were similar to those recorded by Long, Bonagura and Darke (1992) and are
likely to be representative of those found in many TBs, although the majority of the animals examined by
these authors were in active work.
it is possible that the RG horses in the present study were more highly trained than animals in some
other yards, as borne out by their relative racing success and some criticisms by other "horsemen" of what
they considered to be excessive training methods used in this establishment. It is likely that the horses
were fitter than some other racehorses. In addition, it is possible that poor racing performance was one
of the reasons that the horses in the SG became available for sale (at low prices), which may in part have
been due to a genotype which limited cardiovascular performance in comparison with the RG horses.
The cardiac dimensions in the SG could have been smaller than a randomly selected sample for this
reason.
The increase in left ventricular diameter with normal wall thickness recorded in the RG was similar to
the findings in endurance trained human athletes. Eccentric hypertrophy is the expected response to
endurance-type training. The increase in LVDd was also the most significant factor in the marked
difference in LVM and especially in SV. It is difficult to account for the fact that the LVFWd values
were higher in the SG, although this measurement is relatively susceptible to error because of the small
size of the structure in relation to measurement variation (see Chapter 8). The fact that the SG had
lower heart rates does not necessarily mean that training does not result, as would be expected, in lower
resting heart rates in athletes, but was probably because the RG horses were less accustomed to
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prolonged restraint and were more likely to become excited during examination. The higher heart rate
in this group means that increased preload was not the reason for the greater LVD measurements in the
RG. It has been suggested that a low heart rate is the reason for cardiomegaly in human athletes
(Badeer 1975), but the results of the current investigation do not support this theory in horses and it
seems more likely to be a consequence of the large stroke volume than the cause.
As reported in human studies (see above), very similar values for measurements of cardiac function were
found in the two groups. This does not mean that myocardial performance of trained animals never
differs from that of untrained horses, because differences may be evident only at exercise. This would be
an interesting subject for further studies.
Left atrial size was also found to be greater in the RG. This is likely to be due to the "volume overload"
which results from training and which affects the atria as much as the ventricles. Similar findings have
been recorded in human athletes (Gilbert and others 1977, Bekaert and others 1981, Welling and others
1981). The difference in LAD in the RG compared with the SG (5.67%) was of a similar order to the
difference in LVDs (5.79%) and LVDd (6.75%).
The most marked difference between the two groups was the estimated SV, which was some 24% greater
in the RG than in the SG. This was not accompanied by an equal increase in LVM. However, these
values are both estimates and are limited by the accuracy of the formulae from which they are derived.
The changes were not as great as those recorded in some human studies. In a review of the data in 20
studies Maron (1986) found a mean difference in estimated LVM between athletes and non-athletes of
46%. However, it might be expected that the range of variation in a breed such as the TB, which over
the centuries has been selectively bred for specific features, may be smaller than that in a species such as
man in which athletic ability has not in recent history been a strong influence on selection.
A controlled study on a group of horses of similar breeding, age, sex and conformation would be very
useful in confirming the validity of the fmdings in the current study. Unfortunately, it is difficult to follow
horses which drop out of training, for example as a result of orthopaedic injury, as they become widely
dispersed around the country and are therefore not readily available for examination. Inevitably the SG
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was comprised of animals which were not very successful on the racecourse and which may have had a
genetic predisposition to smaller hearts than animals in the RG. A controlled, longitudinal study on a
group of animals of similar type would reduce the potential effects of genetic factors which may have
influenced the results of the current study. Such an investigation is reported in the following chapter.
CONCLUSIONS
Horses subject to the isotonic exercise of training and racing have a significantly greater stroke volume
than sedentary' animals. This is due to the cardiac adaptation which results in an increase in left
ventricular and left atrial dimensions. Further controlled, longitudinal studies are needed to confirm that
these changes are largely due to environmental rather than genetic influence.
When horses that have recently been subject to intensive exercise training are examined because of
suspected cardiac disease, allowances must be made to take account of changes which may be a normal
response to training rather than the result of cardiac disease. In addition, investigation of the changes
associated with detraining would provide further valuable information which may be important in the
evaluation of clinical cases.
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CHAPTER 13
ECHOCARDIOGRAPHIC ASSESSMENT OF ThE EFFECTS OF
TREADMILL TRAINING ON THOROUGHBRED HORSES
SUMMARY
Twelve two-year old Thoroughbred horses were divided into pairs matched for body size and
conformation and then divided into two groups. In order to assess the effects of training, one grau
s trained on a high-speed treadmill, while the other acted as "sedentary" controls.
Echocardiographic measurements were made in both groups at the outset of the training programme
and three and six months later. Statistically significant differences in dimensions were found between
the two groups at the outset of the investigation only for interventricular septal thickness at end-
diastole, left atrial diameter, the area of the left ventricular lumen at end-diastole, myocardial area at
end-diastole and estimated stroke volume.
After six months of training, significantly greater increases were found in the trained group than in the
'sedentary" group for interventricular septal thickness at end-systole and end-diastole, left ventricular
diameter at end-diastole, area of the left ventricular lumen at end-diastole, myocardial area at end-
systole and end-diastole, left atrial diameter, fractional area change, and estimated left ventricular
stroke volume and mass. A significant decrease in the ratio of pre-ejection period and ejection time
was found in the trained group.
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INTRODUCTION
In the previous chapter, an investigation of the differences in cardiac dimensions in racing and
"sedentary" Thoroughbred (TB) horses was described. The study showed that horses which had been
subjected to the stimulus of training and racing had significantly larger hearts than inactive animals of the
same breed. The increased heart size of the racehorses could either be a consequence of different
genotype, or of different environmental factors, principally that of exercise training. The investigation
had the advantage over a laboratory-based study that the trained group was subject to the rigours of
training which would be experienced by animals in the field; however, the study could not be controlled
by following similar groups of animals subject to these influences. There is also potential bias in such a
study because animals with a higher genetic potential for athletic performance may have been compared
with animals of inferior breeding. Therefore, in the current investigation, animals matched for age and
body size were exposed to two different regimes, one of controlled exercise training and the other of
inactivity.
Literature review
The literature reviewed in the previous chapter is equally pertinent to this one.
In man, some of the most valuable echocardiographic studies into the effects of exercise training have
been controlled prospective, longitudinal investigations in groups of people of similar age and type
(DeMaria and others 1978, Wolfe and others 1979, Stein and others 1980, Adams and others 1981,
Shapiro and Smith 1983, Morrison and others 1986). Longitudinal studies using echocardiography have
been suggested as the best method of investigating the effects of exercise training on the equine heart
(Rose and Evans 1991), but no reports of a controlled echocardiographic investigation of the effects of




Twelve female "two-year old" TB horses were obtained at sales. The actual age of the horses at the
outset of the investigation was between 21 and 23 months. The animals were divided into pairs of similar
individuals on the basis of date of birth, body weight, height and conformation. One animal from each
pair was arbitrarily selected to undergo training, the other was restricted to a "sedentary" management
regime.
The six horses in the trained group (TG) were exercised five days a week on a high-speed treadmill
(Sato, Uppsala, Finland). They undertook three repetitions of approximately 75 seconds of galloping at
top speed, with around ten minutes at lower speeds, on three days of the week. On intervening days they
received 30 minutes walking exercise and 10 minutes trotting exercise on a mechanical horse walker,
except on one day of the week when they were completely rested. The maximum speed and treadmill
slope were altered to suit each individual because of the varying abilities of the animals. Speeds of
between 11 and 14 m/sec at a 350 slope were typical, after an initial training programme. The six horses
in the "sedentary" group (SG) of untrained animals were given only 20 minutes of walking exercise daily
for five days of the week.
The horses were stabled in identical individual boxes and were fed a diet suitable for the degree of
exercise which they received.
Echocardiographic examinations were carried out using the equipment, procedure and imaging methods
described in Chapters 4 and 5. Measurements were made in accordance with the guide-lines described
in Chapter 6. Recordings from all animals were made at the outset of the project (MO), after three
months (M3) and after six months (M6) of training or rest. The cardiac dimensions measured were
aortic valve diameter (A0VD) measured at the sinus of Valsalva (SVS) at end-systole (SVS5) and end-
diastole (SVSd) using the inner-edge method, left atrial diameter at end-diastole (LAD), the left
ventricular diameter (LVD) at end-systole (LVDs) and end-diastole (LVDd), interventricular septal
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(IVS) thickness at end-systole (IVSs) and end-diastole (IVSd), left ventricular free wall (LVFW)
thickness at end-systole (LVFWs) and end-diastole (LV.FWd), the area of the left ventricular lumen
(LVA) at end-systole (LVAs) and end-diastole (LVAd), and the area of the left ventricular myocardium
(the area bordered by epicardium) (MyoA) at end-systole (MyoAs) and end-diastole (MyoAd) (see
Chapter 6). Fractional shortening (FS%) and fractional area change (FAC%) were calculated from
these measurements. Left ventricular systolic time intervals (STIs) were also measured and compared.
The STIs measured were pre-ejection period (PEP), ejection time (ET), duration of electromechanical
systole (EMS), the R-R interval (R-R) and the ratio of PEP and ET (PEP/ET).
Left ventricular stroke volume (SV) and myocardial mass (LVM) were estimated using the methods and
regression equations described in Chapter 11.
Statistical methods
The means of the measurements made in the two groups were compared using the Mann-Whitney test.
The absolute and percentage change in each measurement between MO and M3 and M6 and between
M3 and M6 was also calculated and compared using the Mann-Whitney test. The critical probability for
statistical significance was taken at p = 0.05 on a two-sided null hypothesis of no difference.
RESULTS
Cardiac dimensions were recorded successfully in all twelve animals on each occasion. STIs could not be
measured in two cases at M3 and M6, when clear ECG traces were unobtainable because the horses
became restless.
At the outset of the investigation, statistically significant differences in IVSd, LAD, LVAd, MyoAd and
SV were found between the two groups. All of these measurements were greater in the SG.
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After three months of training, the mean values of the two groups were significantly different for FAC%
and estimated SV only, these values being greater in the TG. After six months of training, LVDd,
LVAd, MyoAs, MyoAd, FS%, FAC%, SV and LVM were significantly greater in the TG than the SG.
PEP and PEP/El were significantly lower in the TG at M6. The R-R interval was significantly lower at
M6 than MO for both groups. Some dimensions (LAD, IVSd, LVDs, LVFWd, LVAs, LVAd, MyoAs,
MyoAd) were actually reduced from their original size in the SG by M6. The amount of the increase in
dimensions in the TG varied, with the greatest percentage increase being for sv in the TG (58.3% over 6
months). The majority of this increase was seen by M3 (46.8%).
Between MO and M3, significantly greater increases in absolute and percentage changes were found in
the TG than in the SG for LAD, IVSd, LVAd, MyoAd, FS%, FAC% and estimated SV.
Between MO and M6, significantly greater absolute and percentage increases were found in the TG than
in the SG for IVSs, IVSd, LVDd, LVAd, MyoAs, MyoAd, LAD, FS%, FAC% and estimated SV and
LVM.
Between M3 and M6, significantly greater increases were found in the TG than in the SG for LAD,
LVDd, LVAd, MyoAs, MyoAd and estimated SV and LVM.
PEP/El fell significantly more in the TG than the SG between MO and M6. No significant changes
were found in the other variables measured. The mean values and standard deviations for each variable
recorded in the two groups at MO, M3 and M6 are shown in Appendix 13.1. The changes in LVDs,
LVDd, FS%, FAC%, SV and LVM are shown in Figures 13.1-13.6 because these were considered to be
the most significant observations in the study. The mean values recorded in each of the horses at the




















































































Despite the limitations of the investigation which were inevitable because of the small numbers of horses
examined, the results of the study show that exercise training has a significant effect on cardiac
dimensions. The results are similar to those of previous longitudinal studies in humans (Mason 1986)
and are compatible with the differences between "sedentary' and trained TBs reported in the previous
chapter. However, some points are particularly worthy of note.
LVDd and LVAd were increased in the TG, while LVDs and LVAs did not change significantly more in
this group than the SG. Increased end-diastolic dimensions are commonly observed in human endurance
athletes (Graettinger 1984, Mason 1986, Shapiro 1986), while LYDs is often unaffected. However, in the
previous chapter it was reported that LVDs was larger in trained horses than in "sedentary' animals and
some reports of investigations in humans have shown similar changes (Mason 1986). It is difficult to
account for this apparent dissimilarity, although the degree of training provided by the treadmill method
nay not be as rigorous as that provided by real training and racing. The effects of exercise training are
similar to those of volume overload, which may or may not result in increased systolic dimensions.
Stroke volume may still be increased even if systolic as well as diastolic dimensions increase. The exact
mechanism for changes in dimensions is still unclear. Mason (1986) suggested that increases of similar
magnitude would be expected in LVDs and LVDd after long-term athletic conditioning. It has been
suggested that the cardiomegaly associated with exercise training is a result of the bradycardia which is
usually found in trained athletes (Badeer 1975); however, in the current study, there was no significant
difference between the heart rate of the TG and the SG. In fact, the heart rate of both groups increased
between the examinations at MO and M6, but this is probably explained by excitement once the horses
became accustomed to the procedure and the surroundings which they also associated with other
rnterventions.
In the current study, FS% became significantly higher in the TG than the SG. Since FS% is calculated
froni the difference in the two measurements, which are usually reported to change, it is perhaps
Surprising that the majority of studies have not reported a significant change in this index of cardiac
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performance. However, Stein and others (1980), Morrison and others (1986) and Ehsani and others
(1991) showed FS% to be greater in trained athletes than in less active people. It is possible that some
of the difference between the groups in the current study is related to loading conditions, which may be
altered as a result of acute or long-term peripheral vascular adaptation, rather than a change in
contractility. Peripheral vascular changes may also be the reason for the lower PEP and PEP/El
observed in the TG. However, the results suggest that there is a change in resting cardiac performance
in addition to those in absolute dimensions; further research is needed to elucidate the physiological
basis of this change.
Changes in LV wall thickness have been reported in a number of publications, many of which were
included in the review by Maron (1986). The changes in IVS must be regarded with a degree of
suspicion in view of the relatively greater importance of measurement error for this parameter.
However, in the current study the changes in IVSs and IVSd were in the region of 10-20% and are
unlikely to be entirely due to measurement inaccuracy. Studies in humans have revealed a variety of
results, although the majority show increases. In a review by Maron (1986), 12/23 studies showed an
increase in IVS thickness, 23/31 showed an increase in LVFW. Although no significant changes in
LVFW were found in the current investigation, it would be expected that wall thickness would increase in
proportion to the increase in chamber dimension in order to maintain normal wall stress in accordance
with the law of Laplace (Linzbach 1969, Grossman, Jones and McLaurin 1975). It may be that changes
in LVFW thickness were too small to exceed the change which can be accounted for by measurement
error. Asymmetric hypertrophy of the septum has been observed in some human athletes (Shapiro
1984), and was considered to be part of the response to athletic training. However, no such changes
were observed in the current study, and wall thickness ratios in the "sedentary" horses described in
Chapter 6, the racing TBs described in Chapter 12 and both groups in the current study, were similar to
those seen in man (approximately, < 1.3:1, Maron 1986).
The biggest difference between the two groups which developed during the course of the investigation
was the change in SV. The potential errors in this measurement have been discussed in previous
chapters (11 and 12), but after six months the changes were substantial (58.3%). Since it appears that
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SV is one of the important limiting factors in the V02 max of horses, which is related to athletic
performance (Rose and Evans 1991) and cardiac size is the determinant of increased cardiac output in
human athletes (Shapiro 1984), this change is an important adaptation to the demands of exercise. The
majority of the increase in SV had taken place by M3. It would have been interesting to have had more
sampling points, particularly during the initial training period, to add further information about the time
course of the changes observed and to have reduced the effect of measurement error. However, it was
not possible to make extra recordings because the availability of horse handlers and access to the animals
was limited.
In the SG, some dimensions actually reduced in size during the duration of study. Reductions were
noted in LAD, IVSd, LVDs, LVFWd, LVAs, LVAd, MyoAs and MyoAd. Nevertheless, none of these
parameters was significantly different from the original value, and all of the dimensions had increased
after three months and fell only later. It is possible that measurement error contributes to this finding;
the falls are all small in absolute and percentage terms, although reductions in cardiac dimensions occur
in humans who do not maintain even normal amounts of activity due to confmement (Washburn and
others 1986). It had been expected that the cardiac dimensions would increase in all animals during the
study because they were not fully grown at the outset. The dimensions were uniformly smaller than
those measured in "sedentary" adult horses (Chapter 6). This suggests that the horses in the "sedentary1'
group in previous chapters had some degree of acquired cardiomegaly, or that their genotype resulted in
larger heart size than the horses in the current study. It would be interesting to compare the heart size
of the horses in the current study with those in two-year olds in race training.
The degree of change associated with training was similar in the current study to those seen in humans.
LVDd increased by 9.3% in the TG (c.f. 0.025% in the SG), approximately the same as the 9.8% change
derived from a number of different human studies by Maron (1986). SV will change by a little more than
the cube of the increase in LVDd if LVDs remains constant, as shown in the current investigation and in
numerous human studies (Maron 1986). The increase in LVFWs (14.3%) and IVSs (18.5%) seen in the
current investigation was also similar to that reported from data pooled from a number of human studies
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(18.9% and 14.3% respectively) (Maron 1986). The differences between trained and untrained animals
were also approximately the same in percentage terms as that reported in the previous chapter.
The value of this study was limited by the small number of horses available. A cross-over trial would
have been an interesting method of trying to investigate the changes more rigourously, but was not
possible because of the other studies being performed on the groups. It would have been helpful to
divide the animals so that the mean heart size of the pairs was similar, however this was not possible for
the same reasons. When analysing the results of the study, these limitations, and the inherent errors in
echocardiographic measurement, must be considered; however it was thought that the magnitude of the
changes suggested that training resulted in real and substantiated alterations in cardiac dimensions and
indices of function.
CONCLUSIONS
A longitudinal study in a group of horses of very similar age, type, weigJt and conformation showed that
some cardiac dimensions were significantly increased by exercise training. The extent of the changes
observed is likely to be greater than that due to errors in echocardiographic technique. Cardiac
performance also appeared to be increased in these animals, even at rest. It is likely that rapid changes
in heart size accompany isotonic training and that genetic influence on heart size is relatively small in
comparison with these changes.
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CHAPTER 14
CONCLUSIONS AND CONSIDERATIONS FOR FURTHER STUDIES
CONCLUSIONS
The conclusions from each of the studies in the project were described at the end of each chapter. These
conclusions are summarised below.
Preliminary studies
1. Although post-mortem studies showed that a positive correlation between heart size and body
size exists in Thoroughbred horses, the relationship is weak. Furthermore, there is little value in
comparing echocardiographic values with body weight because the relationship between heart size and
body size is too weak for establishement of 95% confidence limits for heart size compatible with
normality for a known body size.
2. Electrocardiography is of little value for estimating heart size in the horse.
Echocardiographic studies
3. Echocardiographic equipment is now available which is suitable for equine echocardiography.
4. Measurement of cardiac dimensions can be made from M-mode or two-dimensional
echocardiograms obtained from transducer locations on either side of the chest. Reliable results can be
produced, with little difference between the two sides.
5. Systolic time intervals can be measured by guided M-mode echocardiography. However,
measurements may vary significantly on different occasions, suggesting that the use of this method may
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be subject to significant sources of unpredictable error which may limit its value. However, under
appropriate conditions it may be a useful and sensitive means of assessing changes in contractility and
loading conditions.
6. For most variables, the largest source of variation in echocardiographic measurement is the
selection of appropriate imaging planes during recording of the echocardiogram.
7. Sedation with detomidine hydrochloride significantly affects indices of cardiac performance,
with increased systolic left ventricluar diameter. However, since diastolic dimensions change little it is
possible to make valid measurements in animals which require sedation for examination.
8. Second degree atrio-ventricular heart block does not significantly affect cardiac dimensions, but
the reduced afterload which follows the long diastolic interval is likely to be responsible for changes in
STIs and increased fractional shortening.
9. Two-dimensional echocardiography can be used to estimate cardiac mass from a variety of
geometric models with sufficient accuracy to make the method useful.
10. Exercise training results in eccentric left ventricular hypertrophy in equine athletes.
FURTHER STUDIES IN EQUINE ECHOCARDIOGRAPHY
A number of investigations using two-dimensional echocardiography would be of interest as future
avenues of research.
Normal ranges in other breeds and conformational types
If accurate assessments are to be made in clinical situations, normal range of cardiac dimensions need to
be established in horses of breed and conformational type other than Thoroughbreds.
276
The effects of altered heart rate
The effects of changes in heart rate need to be investigated in more depth than was possible in the
current project. This might be achieved using atrial pacing or a number of drugs. A combination of
methods would provide valuable information on physiological changes and help assessment of clinical
cases in which the heart rate is abnormal. As discussed in Chapter 10, an evaluation of the beat-to-beat
changes in atrial fibrillation would be of particular interest.
Measurement of right ventricular dimensions
The problems in measuring the right ventricle (RV) were discussed in Chapter 6. Some methods of
measuring the RV which have been employed in human medicine are not suitable for equine studies
because apical or subcostal views are used to produce orthogonal views (Starling and others 1982, Levine
and others 1984). However, the ellipsoidal shell subtraction model, in which the RV and RV wall
volume is estimated by deducting the volume of the left ventricle and interventricular septum from the
volume of the whole heart (Feneley and others 1990), might be suitably adapted for use in the horse.
This could potentially be useful for evaluation of the significance of tricuspid regurgitation.
Systolic time intervals
Provided that the limitations are appreciated, the use of systolic time intervals for detecting changes in
contractility and afterload might be of value because of the high sensitivity of the technique. This has
potential application in the evaluation of drugs such as vasodilators and positive or negative inotropes.
Validation of echocardiographic estimates of stroke volume
Invasive measurements such as thermodilution could be used to validate the accuracy of two-dimensional
hocardiographic (2DE) estimates of stroke volume. However, it is likely that trans-oesophageal
Doppler echocardiography will be more accurate than 2DE. This would be a particularly valuable tool in
search and possibly for anaesthesic monitoring.
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Assessment of changes in stroke volume during and after exercise
Unfortunately, trans-thoracic echocardiography is difficult in animals immediately after exercise and
impossible during exercise. However, it might be practicable to use trans-oesophageal echocardiography
in this situation, to provide valuable information by more direct estimation of stroke volume than can be
derived from physiological methods. The technique also has the advantage of being minimally invasive.
The effect of heart disease on left ventricular mass
Left ventricular mass would be expected to change in animals with significant heart disease. The extent
of this change could be measured accurately in vitro using the chamber partition method described in
Chapter 2, or in vivo using the echocardiographic method described in Chapter 11. In vivo measurement
of the change in heart weight may provide valuable information about heart disease and improve
prognostic accuracy.
Athletic abilility and heart size
The relationship between athletic ability and heart size has long been a subject of interest in both human
and equine sports medicine. However, some studies suggest that a large heart is likely to develop in any
athlete, regardless of performance achievement. An investigation of relative heart size in animals of
different performance abilities would be interesting. In the current project, an insufficient number of
racehorses was examined for the comparison of performance record and heart size to be considered
valid. It is considered by the author that large numbers of animals (approximately fifty or more) are
likely to be needed if a study of this nature is to produce reliable results, although anecdotally, some
horses with oustanding racing records have cardiac dimensions at the upper limits of the range
established in the project. A potential problem associated with this investigation would be the
quantification of athletic ability. The most suitable methods would probably be Timeform or Chaseform
ratings, or even a subjective grading by the trainer. There is considerable potential for abuse of
echocardiography, as has occurred with the "heart score" method, whereby measurements affect the
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fmancial value of the animal and even lead to some horses being euthanased because of predicted poor
performance.
CLINICAL APPLICATIONS
Prior to the outset of the study, important information which affected decision making in diagnostic
echocardiography was lacking. The results of the studies described in this thesis have already proved to
be of practical value in the clinical evaluation of horses with suspected cardiac disease. The technique is
likely to provide useful information about the progression of valvular disease and may allow us to learn
more about equine myocardial disease.
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ABBREVIATIONS USED IN THE APPENDICES
The results of all of the studies are available on an IBM compatible 3.5" floppy disk. The data included
in these appendices are given as an aid to understanding the results described in the text, figures and
tables.
ABBREVIATIONS
Abbreviations used in the appendices are often compound colections of those given below, for example
the abbreviation below would indicate:



























































	 left parasternal position
LAD
	
left atrial appendage dimension
LAD
	 left atrial diameter
LE
	
leading-edge to leading-edge method
LFW
	


















MU	 outset of treadmill study
M3	 after three months of treadmill study




MS	 estimated heart mass
MS1	 estimated heart mass model 1
MS2	 estimated heart mass model 2
MS2	 estimated heart mass model 3
MS4	 estimated heart mass model 4
MS5	 estimated heart mass model S
MS6	 estimated heart mass model 6





PEP/liT	 ratio of pre-ejection period to ejection time





wall thickness ratio at end-diastole



























aortic valve diameter at the sinus of Valsalva
estimated stroke volume
estimated stroke volume model 1
estimated stroke volume model 2
estimated stroke volume model 3
estimated stroke volume model 4





backward component of the Y lead vector
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153	 1	 5.05	 5.13	 3005	 2275
	





157	 1	 4.83	 4.95	 2560	 1930
	





157	 1	 4.24	 4.48 2640	 1990
	






154	 2 4.55	 4.73	 2580	 1900
	















160	 1	 5.56	 5.53	 3410	 2450
	






149	 1	 4.74	 4.88 2350	 1770
	






164	 1	 6.10	 5.97 3490	 2690
	






156	 1	 5.49 5.48	 2830	 2160
	






154	 2	 4.55	 4.73	 2290	 1790
	






156	 2	 4.20	 4.45	 2960	 2290
	






163	 1	 5.35	 5.37 2870	 2170
	






161	 2	 5.45	 5.45	 2460	 1870
	






157	 1	 4.92	 5.02	 2650	 2030
	






157	 1	 5.70	 5.65	 2900	 2270
	






156	 2	 4.78	 4.91	 2910	 2230
	






158	 1	 4.65	 4.81	 2940	 2270
	






155	 2	 4.54	 4.72	 3180	 2240
	






160	 2 5.27 5.30 3410 2420
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156	 1	 4.38 4.59	 2210	 1650
	






159	 1	 5.23	 5.27 2940	 2180
	






164	 2	 5.78	 5.71	 2850	 2160
	






163	 2	 5.08 5.15	 3000	 2320
	






162	 1	 5.35	 5.37 2730
	 2000
	






159	 2	 5.88 5.79 2910	 2250
	






156	 1	 5.01	 5.09 3290	 2410
	






159	 1	 4.86 4.97 2980
	 2260
	






156	 1	 5.15	 5.21	 2750	 2130
	






160	 2 5.34 5.36 2650 2030
	






158	 1	 4.98	 5.07 2730
	 2040
	






153	 1	 4.85	 4.97 2670
	 2020
	






166	 2	 5.48	 5.47 2800
	 2100
	






156	 1	 4.70	 4.85	 2670	 2030
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161	 1	 5.93	 5.83	 3410	 2600
	






165	 1	 5.14	 5.20	 2420	 1840
	






157	 2 5.40 5.41	 2980	 2230
	






157	 2	 5.32	 5.34	 2770	 2040
	






159	 1	 5.60	 5.57 3070	 2330
	






163	 1	 5.37 5.38	 2720	 2020
	































































































































































































"HEART SCORES', Y LEAD BACKWARD VECTOR AND BODY SIZE
IN 38 ADULT THOROUGHBRED HORSES

































































730 3.11644	 98.667	 15.068
	
630 3.06349	 88.000	 59.783
	
650 3.06154	 107.333	 65.556
	
680 2.79412	 86.667	 70.545
	
770 3.20779	 87.333	 76.190
	
960	 2.55208	 95.333	 20.000
	
580 3.05172	 95.333	 54.688
	
800	 3.36250	 110.667	 81.560
	
670 3.22388	 86.667	 50.893
	
500 3.58000 100.000	 25.373
	
670	 3.41791	 112.667	 18.433
	
700 3.10000	 99.333	 58.889
	
590	 3.16949	 95.333	 2.513
	
620	 3.27419	 95.333	 4.219
	
630 3.60317	 103.333	 6.623
	
620	 3.19355	 125.333	 91.228
	
560 2.94643	 84.667	 0.000
	
760 2.86842	 121.333	 43.396
	
690	 3.13043	 125.333	 54.437
	
680	 3.41176	 116.000	 122.449
	
730 2.73973	 106.667	 73.913
	
660	 3.40909	 118.667	 109.091
	
880 2.73864	 109.333	 28.571
	
720 3.13889	 120.000	 93.694
	
620 3.43548 106.667	 35.714
	
620	 3.27419	 131.333	 11.268
	
690	 2.95652	 119.333	 50.286
	
650	 3.10769	 118.000	 27.692
	
700	 3.00000	 103.333	 18.321
	
640 3.17187	 97.333	 0.980
	
620	 3.37097	 114.000	 18.750
	
650 3.24615	 122.000	 28.689
	
810	 3.20988	 125.333	 16.580
	
580	 3.17241	 106.667	 28.814
	
750	 2.97333	 122.600	 25.842
	
730 2.79452	 96.667	 19.565
	
740 3.14865	 112.000	 20.359
	
700	 2.88571	 118.300	 29.213
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APPENDIX 6.1
THE RESULTS OF STATISTICAL COMPARISON OF DIFFERENT
METHODS OF MEASUREMENT OF LEFT VENTRICULAR DIMENSIONS
AND INDICES OF CARDIAC FUNCTION
P VALUES FROM STUDENT'S PAIRED T-TEST, THE CRITICAL
PROBABILITY FOR STATISTICAL SIGNIFICANCE TAKEN AT P = 0.05
ON A TWO-SIDED NULL HYPOTHESIS OF NO DIFFERENCE.
LEFT VENTRICULAR DIAMETER END-SYSTOLE (CHORDAL LEVEL)
VARIABLE	 RSX2DE	 LLXM	 LLX2DE	 LSXM	 LSX2DE
RSXM	 NS	 NS	 NS	 <0.05	 <0.001
RSX2D	 *	 NS	 NS	 NS	 <0.005
LLXM	 *	 *	 NS	 NS	 <0.005
LLX2DE	 *	 *	 *	 NS	 NS
LSXM	 *	 *	 *	 *
LEFT VENTRICULAR DIAMETER END-SYSTOLE (CHORDAL LEVEL)
VARIABLE	 RSX2DE	 LLXM	 LLX2DE	 LSXM	 LSX2DE
RSXM	 NS	 NS	 NS	 <0.005	 NS
RSX2D	 *	 NS	 NS	 <0.0005	 NS
LLXM	 *	 *	 NS	 <0.05	 <0.05
LLX2DE	 *	 *	 *	 <0.001	 NS
LSXM	 *	 *	 *	 *	 <0.0005
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APPENDIX 6.1 (continued)
THE RESULTS OF STATISTICAL COMPARISON OF DIFFERENT
METHODS OF MEASUREMENT OF LEFT VENTRICULAR DIMENSIONS
AND INDICES OF CARDIAC FUNCTION
P VALUES FROM STUDENT'S PAIRED T-TEST, THE CRITICAL
PROBABILITY FOR STATISTICAL SIGNIFICANCE TAKEN AT P=O.05
ON A TWO-SIDED NULL HYPOTHESIS OF NO DWFERENCE.
LEFT VENTRICULAR DIAMETER END-SYSTOLE (PAPILLARY LEVEL)
VARIABLE	 RSX2DE	 LSXM	 LSX2DE
RSXM	 NS	 NS	 NS
RSX2DE	 *	 NS	 NS
LSXM	 *	 *	 NS
LEFT VENTRICULAR DIAMETER END-DIASTOLE (PAPILLARY LEVEL)
VARIABLE	 RSX2DE	 LSXM	 LSX2DE
RSXM	 NS	 NS	 NS
RSX2DE	 *	 NS	 NS
LSXM	 *	 *	 NS
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CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS







































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
RIGHT SHORT-AXIS 2DE CHORDAL LEVEL























































































































































































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
RIGHT SHORT-AXIS 2DE PAPILLARY LEVEL
ROW	 R2DPLVS	 R2DPLVD	 R2DPLVAS	 R2DPLVAD
1	 5.76	 10.96	 30.06	 94.32
2	 5.54	 9.80	 23.36	 68.76
3	 7.12	 11.64	 31.86	 90.80
4	 5.74	 10.86	 23.56	 84.32
5	 6.06	 10.18	 25.82	 74.36
6	 5.56	 10.16	 21.64	 68.90
7	 6.40	 11.02	 27.10	 83.02
8	 6.18	 10.98	 28.88	 83.68
9	 7.12	 10.12	 29.80	 75.90
10	 *	 *	 *	 *
11	 6.86	 10.64	 31.38	 84.24
12	 5.42	 10.04	 17.34	 67.88
13	 *	 *	 *	 *
14	 *	 *	 *	 *
15	 *	 *	 *	 *
16	 *	 *	 *	 *
17	 6.38	 10.28	 31.98	 83.90
18	 5.84	 9.76	 27.16	 70.96
19	 6.62	 11.32	 27.82	 87.86
20	 7.16	 11.08	 32.32	 90.52
21	 6.66	 11.12	 26.38	 86.52
22	 5.40	 10.90	 22.24	 91.88
23	 6.78	 10.90	 35.52	 89.80
24	 6.26	 11.06	 27.64	 89.54
25	 7.42	 11.50	 35.28	 95.82
26	 7.44	 11.24	 33.80	 84.02
27	 5.36	 11.04	 21.18	 81.96
28	 6.64	 10.74	 28.36	 82.34
29	 6.10	 11.26	 23.82	 81.18
30	 6.30	 10.82	 27.30	 75.96
31	 6.14	 10.76	 23.00	 78.70
32	 5.86	 10.90	 19.48	 76.18
33	 *	 *	 *	 *
34	 *	 *	 *	 *
35	 *	 *	 *	 *
36	 *	 *	 *	 *
37	 *	 *	 *	 *
38	 *	 *	 *	 *
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APPENDIX 6.2 (continued)
CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
LEFT LONG AND SHORT-AXIS M-MODE AND 2DE CHORDAL LEVEL
	
ROW	 LMSXLVS	 LMSXLVD	 LMLXLVS	 LMLXLVD	 L2DLXLVS	 L2DLXLVD
	
1	 7.08	 11.90	 *	 *	 7.56	 12.14
	
2	 6.62	 10.52	 *	 *	 8.10	 10.70
	
3	 9.06	 13.42	 *	 *	 9.38	 13.78
	
4	 7.32	 11.26	 *	 *	 7.88	 11.80
	
5	 *	 *	 *	 *	 6.94	 11.10
	
6	 *	 *	 *	 *	 8.04	 11.42
	
7	 *	 *	 *	 *	 *	 *
	
8	 6.24	 10.94	 *	 *	 6.36	 11.88
	
9	 7.36	 10.74	 *	 *	 *	 *
	
10	 *	 *	 *	 *	 *	 *
	
11	 7.92	 11.04	 *	 *	 8.32	 11.64
	
12	 7.88	 10.88	 *	 *	 8.38	 11.64
	
13	 6.36	 11.96	 *	 *	 *	 *
	
14	 8.86	 12.42	 *	 *	 *	 *
	
15	 7.18	 11.88	 *	 *	 *	 *
	
16	 6.74	 12.44	 *	 *	 *	 *
	
17	 6.14	 11.02	 6.80	 10.92	 7.68	 11.10
	
18	 5.72	 10.66	 *	 *	 6.86	 11.30
	
19	 6.54	 10.66	 7.34	 12.34	 8.36	 12.56
	
20	 7.74	 11.30	 8.46	 12.20	 7.68	 11.44
	
21	 6.28	 11.72	 7.74	 12.56	 7.36	 11.90
	
22	 7.12	 11.72	 *	 *	 6.78	 12.48
	
23	 7.20	 12.14	 6.86	 11.98	 7.04	 11.20
	
24	 7.42	 12.28	 7.24	 12.44	 6.58	 12.18
	
25	 7.88	 12.64	 7.54	 12.72	 6.80	 13.56
	
26	 7.12	 12.02	 7.64	 12.90	 8.38	 12.12
	
27	 6.72	 10.72	 7.76	 11.66	 6.80	 11.84
	
28	 7.22	 12.12	 7.14	 11.62	 7.76	 12.08
	
29	 7.46	 11.86	 7.12	 12.16	 7.56	 12.28
	
30	 7.02	 11.28	 7.54	 11.76	 7.48	 12.18
	
31	 6.84	 11.08	 6.56	 10.86	 6.92	 10.66
	
32	 6.06	 11.20	 7.04	 11.20	 6.58	 11.34
	
33	 6.50	 11.28	 7.46	 11.88	 7.44	 11.72
	
34	 7.30	 12.10	 7.60	 11.96	 8.38	 12.68
	
35	 *	 *	 *	 *	 *	 *
	
36	 *	 *	 *	 *	 *	 *
	
37	 *	 *	 *	 *	 *	 *
	













































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
LEFT SHORT-AXIS 2DE CHORDAL LEVEL























































































































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
LEFT SHORT-AXIS 2DE CHORDAL LEVEL













































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS



















































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
LEFT VENTRICULAR DIMENSIONS
LEFT SHORT-AXIS 2DE PAPILLARY LEVEL
























































































































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
WALL THICKNESS
RIGHT SHORT-AXIS M-MODE CHORDAL AND PAPILLARY LEVELS
ROW RMCIVSS RMCIVSD RMCLFWS RMCLFWD RMPIVSS RMPIVSD RMPLFWS RMPLFWD R2DCIVSS R2DCIVSD
1	 5.16	 2.88	 3.70	 2.86	 4.64	 3.22	 *	 *	 4.76	 3.08
2	 3.58	 2.48	 3.52	 1.96	 *	 *	 *	 *	 3.30	 2.84
3	 5.12	 3.22	 4.30	 2.76	 *	 *	 *	 *	 4.34	 2.44
	
4	 4.52	 3.24	 4.02	 2.96	 *	 *	 *	 *	 4.10	 2.92
	
5	 3.16	 2.60	 3.26	 2.22	 *	 *	 *	 *	 3.90	 2.58
	
6	 4.86	 2.74	 3.94	 3.40	 4.62	 3.38	 4.80	 3.10	 4.40	 3.20
	
7	 3.76	 3.00	 3.70	 2.18	 3.96	 3.10	 3.82	 2.26	 3.58	 2.86
	
8	 4.32	 3.10	 4.26	 2.36	 4.36	 2.62	 3.92	 2.10	 4.44	 2.90
	
9	 4.22	 3.26	 4.24	 2.88	 *	 *	 *	 *	 *	 *
	
10	 3.98	 2.92	 3.98	 1.94	 *	 *	 *	 *	 *	 *
	
11	 4.56	 2.86	 4.38	 2.88	 *	 *	 *	 *	 4.12	 2.60
	
12	 4.50	 3.24	 4.12	 2.90	 *	 *	 *	 *	 4.66	 2.72
	
13	 4.42	 2.66	 3.88	 2.42	 *	 *	 *	 *	 *	 *
	
14	 3.52	 2.78	 3.88	 2.20	 *	 *	 *	 *	 *	 *
	
15	 3.86	 2.58	 3.68	 1.96	 *	 *	 *	 *	 *	 *
	
16	 4.44	 2.66	 4.28	 2.54	 *	 *	 *	 *	 *	 *
	
17	 4.34	 3.00	 4.00	 2.44	 4.02	 2.32	 3.62	 2.34	 4.24	 3.04
	
18	 3.78	 2.50	 3.94	 2.32	 3.86	 2.46	 3.88	 2.18	 3.84	 2.40
	
19	 4.04	 2.56	 4.28	 2.22	 3.68	 2.06	 3.98	 2.28	 3.96	 2.48
	
20	 4.70	 3.44	 3.00	 2.22	 4.64	 3.02	 3.20	 2.32	 4.06	 3.06
	
21	 4.90	 3.00	 4.14	 2.24	 4.74	 2.66	 5.30	 3.10	 4.72	 2.84
	
22	 3.68	 2.30	 3.84	 2.20	 *	 *	 *	 *	 3.70	 2.20
	
23	 3.76	 2.68	 3.84	 2.26	 3.60	 2.32	 3.74	 1.98	 3.88	 2.78
	
24	 4.14	 2.72	 4.50	 2.44	 4.42	 3.04	 4.06	 2.48	 4.32	 2.94
	
25	 4.08	 2.58	 3.64	 2.12	 4.02	 2.46	 3.54	 1.92	 4.00	 2.50
	
26	 4.28	 2.80	 4.24	 2.32	 4.04	 2.50	 3.46	 2.38	 3.86	 2.64
	
27	 4.50	 3.12	 3.10	 2.26	 4.18	 2.94	 3.64	 1.94	 3.90	 2.78
	
28	 4.62	 2.76	 4.10	 2.04	 4.26	 2.46	 4.08	 2.14	 4.00	 2.52
	
29	 3.66	 3.08	 3.34	 1.88	 3.98	 3.18	 3.86	 2.02	 3.72	 2.54
	
30	 4.44	 2.56	 4.14	 1.96	 4.28	 2.56	 3.64	 2.04	 4.04	 2.74
	
31	 4.04	 2.90	 3.72	 1.88	 3.90	 2.78	 3.34	 2.10	 3.64	 2.38
	
32	 4.58	 3.36	 4.62	 2.74	 4.76	 2.62	 4.24	 2.72	 4.00	 3.12
	
33	 3.86	 2.66	 3.32	 2.02	 4.22	 2.92	 *	 1.80	 3.90	 2.80
	
34	 4.58	 2.90	 *	 *	 *	 *	 *	 *	 4.58	 2.90
	
35	 4.32	 2.76	 3.04	 1.82	 *	 *	 *	 *	 *	 *
	
36	 3.62	 2.72	 3.52	 2.00	 *	 *	 *	 *	 *	 *
	
37	 3.82	 2.56	 3.38	 2.14	 *	 *	 *	 *	 *	 *
	
38	 4.26	 3.24	 3.64	 1.72	 *	 *	 *	 *	 3.90	 2.52
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APPENDIX 6.2 (continued)
CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
WALL THICKNESS
RIGHT SHORT-AXIS 2DE CHORDAL AND PAPILLARY LEVELS
ROW	 R2DCLFWS	 R2DCLFWD	 R2DPIVSS	 R2DPIVSD	 R2DPLFWS
1	 4.02	 2.52	 4.96	 2.94	 4.12
2	 3.54	 2.10	 3.62	 2.52	 3.76
3	 4.58	 2.62	 3.96	 2.34	 4.40
4	 4.10	 2.32	 4.24	 2.44	 4.06
5	 3.12	 2.16	 3.86	 2.16	 3.46
6	 4.46	 2.38	 4.70	 3.24	 3.98
7	 3.76	 2.06	 4.28	 2.56	 3.20
8	 3.70	 2.42	 4.46	 2.28	 4.02
9	 *	 *	 4.04	 3.22	 4.04
10	 *	 *	 *	 *	 *
11	 4.64	 2.28	 4.24	 2.60	 3.56
12	 4.30	 2.58	 4.14	 2.38	 4.56
13	 *	 *	 *	 *	 *
14	 *	 *	 *	 *	 *
15	 *	 *	 *	 *	 *
16	 *	 *	 *	 *	 *
17	 3.86	 2.14	 4.36	 2.74	 3.90
18	 3.48	 2.36	 4.10	 2.22	 3.52
19	 4.04	 2.22	 3.54	 2.20	 4.24
20	 3.38	 2.12	 4.24	 2.88	 3.08
21	 4.24	 2.52	 4.80	 2.74	 4.32
22	 3.32	 2.02	 4.12	 2.16	 3.86
23	 3.88	 2.18	 4.18	 2.58	 4.02
24	 4.10	 2.42	 4.28	 2.66	 4.28
25	 3.26	 2.02	 4.04	 2.32	 3.40
26	 3.10	 2.12	 3.86	 2.40	 3.50
27	 4.10	 2.28	 4.10	 2.64	 3.86
28	 3.80	 2.10	 4.08	 2.50	 3.54
29	 3.88	 1.76	 3.72	 2.18	 3.88
30	 3.90	 1.96	 4.10	 2.44	 3.76
31	 3.68	 1.72	 3.68	 2.46	 3.46
32	 4.36	 2.54	 4.24	 2.54	 4.08
33	 4.16	 2.20	 4.16	 2.88	 *
34	 *	 *	 *	 *	 *
35	 *	 *	 *	 *	 *
36	 *	 *	 *	 *	 *
37	 *	 *	 *	 *	 *










































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
WALL THICKNESS
LEFT SHORT-AXIS 2DE CHORDAL AND PAPILLARY LEVELS
ROW	 L2DPIVSS	 L2DPIVSD	 L2DPLFWS	 L2DPLFWD	 RLAXIVSS	 RLAXIVSD
1	 4.20	 2.22	 4.44	 2.46	 5.32	 3.68
2	 3.84	 2.48	 3.58	 2.16	 *	 *
3	 *	 *	 *	 *	 *	 *
4	 4.30	 2.68	 3.62	 2.30	 4.18	 3.02
5	 3.58	 2.46	 3.40	 1.78	 4.70	 2.94
6	 *	 *	 *	 *	 5.26	 3.82
7	 *	 *	 *	 *	 4.76	 3.38
8	 4.30	 2.66	 3.90	 2.14	 4.70	 3.26
9	 *	 *	 *	 *	 *	 *
10	 *	 *	 *	 *	 *	 *
11	 *	 *	 *	 *	 4.58	 3.06
12	 *	 *	 *	 *	 4.98	 3.58
13	 *	 *	 *	 *	 *	 *
14	 *	 *	 *	 *	 *	 *
15	 *	 *	 *	 *	 *	 *
16	 *	 *	 *	 *	 *	 *
17	 *	 *	 *	 *	 4.66	 3.22
18	 *	 *	 *	 *	 4.14	 2.72
19	 3.44	 2.28	 3.46	 1.98	 4.24	 3.00
20	 4.24	 2.84	 3.54	 2.36	 5.58	 3.84
21	 4.28	 2.76	 4.42	 2.26	 4.86	 3.24
22	 3.90	 2.36	 3.68	 2.04	 5.02	 2.94
23	 4.22	 2.22	 4.04	 2.18	 4.88	 2.98
24	 4.44	 2.70	 4.42	 2.50	 5.42	 3.32
25	 4.28	 2.76	 3.48	 2.10	 4.86	 3.12
26	 4.12	 2.50	 3.98	 2.08	 5.50	 3.44
27	 3.92	 2.50	 3.94	 2.24	 4.90	 3.10
28	 4.08	 2.54	 3.06	 1.80	 4.90	 3.24
29	 3.62	 1.98	 3.38	 1.96	 4.34	 3.08
30	 4.14	 2.56	 3.46	 2.02	 4.58	 3.10
31	 3.68	 2.20	 3.72	 2.38	 4.78	 2.90
32	 3.94	 2.32	 3.66	 2.20	 4.96	 3.56
33	 *	 *	 *	 *	 4.28	 4.28
34	 4.04	 2.78	 4.10	 2.76	 6.08	 *
35	 *	 *	 *	 *	 *	 *
36	 *	 *	 *	 *	 *	 *
37	 *	 *	 *	 *	 *	 *
38	 *	 *	 *	 *	 4.52	 4.52
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APPENDIX 6.2 (continued)
CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION




















































































































































































































































































CARDIAC DIMENSION AND INDICES OF CARDIAC FUNCTION
IN 38 CLINICALLY NORMAL THOROUGHBRED HORSES
M-MODE AORTIC VALVE, M-MODE AND 2DE LEFT ATRIAL DIMENSION, 2DE CHORDAL
LENGTH AND 2DE PULMONARY VALVE DIAMETER
ROW	 RSXAOOS	 RSXAODD	 RSXLAAD	 LLAXCHDS	 LLAXCHDD	 LLAXLADS	 LLAXLADD	 PV
1	 *	 *	 *	 8.00	 10.18	 12.62	 13.18	 5.64
2	 7.50	 *	 *	 7.72	 10.52	 12.70	 12.34	 6.02
3	 8.20	 8.70	 *	 7.16	 11.92	 13.60	 14.26	 *
4	 *	 *	 *	 6.10	 10.34	 13.00	 13.56	 5.44
5	 7.34	 6.98	 4.72	 7.24	 9.60	 11.22	 11.62	 5.44
6	 8.52	 8.18	 7.02	 9.04	 9.32	 11.80	 12.02	 5.20
7	 7.88	 7.20	 6.18	 *	 *	 12.66	 13.06	 5.82
8	 8.50	 8.74	 6.62	 6.50	 9.00	 13.86	 12.50	 5.62
9	 8.68	 7.44	 *	 *	 *	 *	 *	 6.14
10	 *	 *	 *	 *	 *	 *	 14.30	 6.56
11	 8.32	 7.78	 7.24	 6.52	 10.08	 12.78	 13.18	 5.30
12	 8.92	 8.74	 6.28	 6.58	 10.58	 12.76	 13.18	 5.22
13	 *	 *	 *	 *	 *	 *	 *	 6.02
14	 *	 *	 *	 *	 *	 *	 12.70	 6.10
15	 *	 *	 *	 *	 *	 *	 12.46	 6.06
16	 *	 *	 *	 *	 *	 *	 13.40	 5.76
17	 7.78	 7.44	 7.20	 6.80	 12.02
	 13.42	 12.12	 5.92
18	 6.90	 7.12	 6.32	 7.90	 10.84
	 11.48	 11.30	 6.02
19	 8.76	 8.52	 6.46	 8.52	 13.02
	 12.80	 12.76	 5.88
20	 7.42	 7.46	 5.74	 9.28	 8.66	 11.98	 12.44	 5.80
21	 7.72	 7.62	 7.44	 7.34	 8.98	 13.58	 13.14	 5.74
22	 7.74	 7.60	 6.08	 7.10	 11.06
	 14.48	 14.52	 6.0023	 8.10	 8.18	 6.46	 7.06	 10.94
	 13.00	 12.62	 6.68
24	 9.18	 8.40	 5.42	 4.76	 7.62	 12.66	 12.78	 6.82
25	 7.94	 7.90	 5.60	 4.68	 8.Oo	 12.48	 12.64	 6.18
26	 8.14	 7.64	 6.12	 6.60	 9.00	 13.44	 12.98	 6.24
27	 8.12	 8.04	 6.34	 5.88	 8.46
	 12.00	 12.18	 6.04
28	 8.26	 8.62	 6.32	 5.94	 8.98
	 13.10	 13.02	 6.94
29	 7.58	 8.30	 6.80	 8.63	 10.30
	 13.06	 12.86	 6.58
30	 8.58	 7.98	 5.68	 9.30	 11.00
	 13.68	 13.66	 6.9031	 8.08	 7.90	 4.60	 5.82	 8.76
	 11.64	 11.48	 6.26
32	 9.22	 8.42	 5.80	 6.78	 10.92
	 13.40	 13.56	 6.90
33	 *	 *	 *	 10.12	 10.32
	 13.02	 12.48	 6.56
34	 *	 *	 *	 6.60	 9.92	 14.26	 14.06	 6.80
35	 *	 *	 *	 *	 *	 *	 11.58	 6.78
36	 *	 *	 *	 *	 *	 *	 12.22	 6.36
37	 *	 *	 *	 *	 *	 *	 12.42	 6.30
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APPENDIX 8.1
STATISTICAL SIGNIFICANCE OF RESULTS OF REPEATABILITY TEST
Critical probability for statistical significance taken at p = 0.05 on a two-sided null hypothesis of nc
difference.
_______________ __________ __________ P values: NS = not significant
	 _____




LESVSD<0.0005	 NS	 NS	 NS	 NS	 NS
LESTJCTS	 <0.0005	 NS	 NS	 NS	 NS
	
NS
LESTJCTD	 <0.05	 NS	 NS	 NS	 NS
	
NS
IESVSS	 <0.001	 NS	 NS	 <0.05	 <0.05
	
NS
IESVSD	 <0.005	 NS	 NS	 <0.01	 NS
	
NS
IESTJCTS	 NS	 NS	 NS	 NS	 NS
	
NS
IESTJCTD	 NS	 NS	 NS	 NS	 NS
	
NS
PV	 NS	 NS	 NS	 NS	 NS
	
NS
IVSS	 <0.005	 NS	 NS	 NS	 NS
	
NS
IVSD	 NS	 NS	 NS	 NS	 NS
	
NS
LVDS	 <0.05	 NS	 NS	 NS	 NS
	
NS
LVDD	 NS	 NS	 NS	 NS	 NS
	
NS
LVFWS	 NS	 NS	 1'S	 1S
LVFWD	 <0.001	 NS	 NS	 NS	 NS
	
NS
FS%	 <0.005	 NS	 NS	 <0.05	 NS
	
NS
LVAS	 NS	 NS	 NS	 NS	 NS
	
NS
LVAD	 <0.005	 NS	 NS	 NS	 NS
	
NS
MYOAS	 <0.05	 <0.05	 NS	 NS	 NS
	
NS
MYOAD	 <0.001	 <0.05	 <0.05	 NS	 <0.05
	
NS
FAC%	 NS	 NS	 NS	 NS	 NS
	
NS
lAD	 NS	 NS	 NS	 NS	 NS
	
NS
PEP	 NS	 NS	 NS	 NS	 NS
	
NS
ET	 NS	 NS	 NS	 NS	 NS
	
NS
EMS	 NS	 NS	 NS	 NS	 NS
	
NS





MEAN VALUES OF THE MEAN PERCENTAGE DIFFERENCE
VARIABLE REP1 REP2 REP3 REP4 REPS REP6
IVSS	 9.41	 2.11	 3.22	 3.13	 3.71	 1.98
IVSD	 8.18	 130	 2.97	 3.37	 3.29	 2.39
LVDS	 6.51	 1.64	 2.78	 2.18	 3.07	 1.17
LVDD	 3.16	 3.05	 5.62	 4.15	 6.02	 3.19
LVFWS	 5.35	 2.23	 2.19	 2.02	 2.60	 2.46
LVFWD	 7.16	 2.03	 4.93	 5.48	 2.93	 3.73
FS%	 8.56	 2.81	 3.54	 3.84	 4.85	 2.24
LVAS	 6.65	 1.79	 4.10	 6.64	 3.48	 4.10
LVAD	 632	 1.06	 3.71	 333	 332	 232
MYOAS	 3.92	 3.47	 3.15	 2.75	 4.77	 2.35
MYOAD	 3.71	 130	 4.14	 256	 331	 3.78
FAC%	 5.19	 1.17	 2.04	 2.38	 1.90	 2.34
LAD	 3.39	 0.75	 1.62	 2.18	 1.63	 0.08
PYD	 5.87	 2.76	 4.42	 6.03	 4.27	 2.63
LESVSS	 1.52	 1.23	 1.16	 1.63	 1.08	 2.00
LEJCTS	 11.75	 1.55	 1.67	 2.87	 3.04	 2.43
IESVSS	 1.83	 0.62	 0.09	 1.98	 1.39	 1.43
IEJCTS	 33	 121	 2.27	 329	 2.70	 1.50
LESVSD	 7.41	 0.75	 0.88	 1.86	 1.49	 0.93
LEJCTD	 3.73	 136	 1.76	 2.19	 2.47	 2.00
IESVSD	 2.09	 .070	 1.67	 2.76	 1.87	 0.88
IEJCTD	 3.85	 1.67	 3.64	 3.65	 4.38	 2.78
PEP	 25.8	 2.66	 5.70	 8.08	 8.22	 4.30
ET	 7.66	 1.22	 1.79	 2.17	 2.06	 1.36
EMS	 5.14	 1.04	 1.06	 1.12	 2.16	 0.08
R-R	 5.38	 0.62	 0.50	 0.59	 1.19	 0.09
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APPENDIX 8.2 (continued)
MAXIMUM MEAN PERCENTAGE DIFFERENCE IN ANY INDIVIDUAL
VARIABLE REP1 REP2 REP3 REP4 REPS REP6
IVSS	 22.0	 7.05	 8.37	 5.88	 10.47	 3.77
IVSD	 19.5	 7.21	 7.69	 11.76	 10.90	 4.76
LVDS	 16.8	 3.05	 5.61	 4.04	 6.02	 3.19
LVDD	 9.21	 0.94	 3.19	 4.87	 1.78	 1.63
LVFWS	 14.6	 5.63	 6.69	 5.28	 7.96	 5.85
LVFWD	 22.7	 3.63	 14.23	 17.23	 7.14	 7.21
FS%	 21.3	 5.81	 10.8	 8.25	 10.2	 6.47
LVAS	 20.6	 5.6	 18.7	 14.3	 10.7	 10.4
LVAD	 13.6	 2.97	 8.75	 6.76	 6.92	 4.49
MYOAS	 12.2	 16.6	 7.66	 7.22	 9.71	 6.27
MYOAD	 7.50	 3.91	 12.7	 6.69	 13.71	 8.56
FAC%	 11.22	 2.59	 6.62	 6.08	 6.36	 4.27
LAD	 12.2	 1.42	 4.21	 5.20	 3.82	 1.98
PVD	 15.59	 7.14	 7.97	 11.2	 13.1	 7.34
LESVSS	 4.11	 2.89	 2.69	 4.04	 5.87	 2.39
LEJCTS	 16.7	 3.74	 5.49	 7.34	 6.39	 7.19
IFS VSS	 4.69	 1.69	 2.13	 4.12	 3.41	 3.05
IEJCTS	 8.88	 3.59	 6.85	 9.45	 5.48	 2.61
LESVSD	 16.9	 2.02	 1.91	 2.95	 4.55	 2.63
LEJCTD	 8.33	 6.11	 7.77	 9.91	 9.00	 4.63
IESVSD	 6.64	 1.47	 4.08	 5.15	 3.54	 1.98
IEJCTD	 8.26	 3.55	 9.59	 11.3	 8.36	 5.96
PEP	 95.7	 5.41	 18.2	 17.9	 29.3	 8.89
El	 25.1	 4.20	 4.82	 4.82	 7.11	 3.29
EMS	 10.6	 4.23	 2.63	 1.92	 6.16	 1.99
R-R	 13.2	 1.63	 1.93	 1.90	 3.29	 0.04
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APPENDIX 8.3
REPEATED MEASUREMENTS IN 11 HORSES
LEFT VENTRICULAR DIMENSIONS
REPEAT NUMBER	 REPEAT NUMBER
	
ivss	 1	 2	 3	 4	 5	 6
	
ROW 1	 4.34	 4.30	 4.28	 4.20	 4.40	 4.42
2 3.78 3.82 3.86 3.88 3.87 3.84
	
3 4.04	 4.04	 4.10	 4.28	 *	 *
4 4.70 3.80 3.78 3.84 3.64 3.78
5	 4.90	 4.22	 4.20	 4.30	 4.22	 4.12
6 3.68 3.66 3.68 3.36 3.38 3.28
	
7 4.14	 3.56	 3.62	 4.02	 3.52	 3.62
8 4.08 3.70 3.76 3.64 3.70 3.66
9 4.06 3.88 3.88 3.82 3.70 3.64
	
10 4.62	 *	 *	 *	 4.26 4.14
	
11	 4.44	 3.74	 3.78 3.86 3.64 3.68
IVSD	 1	 2	 3	 4	 5	 6
	
ROW 1
	 3.00	 3.02	 3.02	 3.00	 3.10	 3.00
	
2	 2.50	 2.60	 2.56	 2.62	 2.63	 2.60
	
3	 2.56	 3.16 3.14	 2.98	 *	 *
	
4	 3.44	 2.90 2.96 2.80
	 2.78 2.70
	
5	 3.00	 2.54	 2.58 2.88 3.00	 2.88
	
6	 2.30	 2.54	 2.54	 2.52	 2.58	 2.46
	
7	 2.72	 2.36 2.36 2.44
	 2.46 2.42
	
8	 2.58 2.68 2.68 2.70 2.70 2.74
	
9	 2.58	 2.30	 2.32	 2.28	 2.38	 2.42
	
10	 2.76	 *	 *	 *	 2.74 2.78
	
11	 2.56	 2.62	 2.62	 2.66	 2.68	 2.64
	
LVDS	 1	 2	 3	 4	 5	 6 LVDD	 1	 2	 3	 4	 5	 6
	
ROW 1	 6.72	 7.48	 7.50	 7.08	 7.30	 7.16	 ROW 1
	
11.30	 11.72	 11.68	 11.54	 11.10	 11.28
	
2	 5.80	 6.90	 6.78	 6.88	 6.89	 6.85	 2	 11.08	 11.16	 11.16	 11.14	 11.18	 11.14
	
3	 7.22	 7.82	 7.80	 7.60	 *	 *	 3	 12.02	 12.86	 12.88	 12.86	 *	 *
	
4	 7.72	 8.18	 8.14	 8.26	 8.10	 8.04	 4	 12.32	 12.30	 12.26	 12.26	 12.12	 12.32
	
5	 7.22	 7.06	 7.12	 7.30	 7.30	 7.36	 5	 12.76	 12.36	 12.30	 12.24	 12.12	 12.32
	
6	 7.46	 7.76	 7.74	 8.22	 8.18	 8.16	 6	 11.70	 11.76	 11.68	 11.82	 11.96	 12.00
	
7	 7.62	 8.00	 7.98	 7.54	 8.10	 8.04	 7	 12.26	 12.46	 12.46	 12.24	 12.56	 12.56
	
8	 8.12	 7.86	 7.90	 8.04	 8.26	 8.34	 8	 12.46	 12.58	 12.54	 12.56	 12.64	 12.72
	
9	 8.12	 6.86	 6.92	 6.98	 7.16	 7.32	 9	 12.46	 11.76	 11.74	 11.68	 11.50	 11.58
	
10	 7.12	 *	 *	 *	 7.40	 7.64	 10	 12.26	 *	 *	 *	 12.38	 12.50
	
11	 7.16	 6.90	 6.84	 7.02	 7.00	 7.02	 11	 12.94	 11.76	 11.78	 11.62	 11.88	 11.96
	
LVFWS	 1	 2	 3	 4	 5	 6
	
ROW 1	 4.00	 3.80	 3.86	 4.18	 3.98	 4.22
	
2 3.04	 3.02	 3.00	 3.02	 3.06 3.02
3 4.28 4.34
	 4.34	 4.24	 *	 *
	
4 3.00	 3.44	 3.60	 3.40	 3.36 3.48
	
5 4.14	 4.48	 4.32	 4.30	 4.36 4.38
6 3.84 3.90 3.76 3.66 3.64 3.64
7 4.50 3.88 3.84 3.92 3.96 3.84
	
8 3.64	 3.98 3.92	 3.88 3.96 3.82
	
9 3.64	 3.96	 3.98	 3.98 3.96 3.92
	
10 4.10	 *	 *	 *	 4.24	 4.06
	
11	 4.14	 3.98	 3.96	 3.84	 4.14	 4.08
LVFWD	 1	 2	 3	 4	 5	 6
	
ROW 1	 2.44	 2.22	 2.18	 2.26 2.64	 2.56
	
2	 2.32	 2.20	 2.18	 2.12	 2.18	 2.16
	
3	 2.22	 2.24	 2.26 2.34	 *	 *
	
4	 2.22	 2.02	 2.00	 2.10	 2.06	 1.94
	
5	 2.24	 2.34	 2.28	 2.26	 2.50	 2.34
	
6	 2.20	 1.78	 1.78	 1.74	 1.72	 1.74
	
7	 2.44	 2.16	 2.16	 2.32	 2.30	 2.14
	
8	 2.12	 2.00	 2.04	 2.04	 1.90	 1.88
	
9	 2.12	 2.00	 2.02	 2.02	 2.20	 2.14
	
10	 2.04	 *	 *	 *	 1.94	 1.86
	
11	 1.96	 1.94	 1.92	 1.84	 1.90	 1.82
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APPENDIX 8.3
REPEATED MEASUREMENTS IN 11 HORSES
AORTIC VALVE DIAMETER
REPEAT NUMBER	 REPEAT NUMBER
LESVSS	 1	 2	 3	 4	 5	 6
ROW 1	 8.26 8.24 8.12 8.10 7.96 8.00
2 7.88 7.66 7.80 7.78 7.84 7.80
3 9.38 9.64 9.68 9.26
	
*	 *
4 8.84 8.56 8.66 8.52 8.24 8.44
5	 8.98 8.90
	 8.92	 9.02	 8.86 9.02
6 8.82	 8.76 8.76 8.26 8.50
	 8.62
7 9.58 9.52
	 9.52	 9.28	 9.40	 9.28
8 9.02 8.84 8.80 8.76 8.98 9.04
9 8.54	 8.50	 8.46	 8.58	 8.54	 8.56
10 9.82	 *	 *	 *	 9.90	 9.90
11	 9.70	 9.82	 9.82	 9.62	 9.54	 9.74
	
LEJCTS	 1	 2	 3	 4	 5	 6
	
ROW 1	 7.84	 7.10	 7.06	 7.26	 6.70	 6.88
	
2 7.84	 7.00	 6.96	 6.74	 6.90	 6.82
	
3 9.42	 8.04	 8.10	 7.88	 *	 *
	
4 8.52	 7.26	 7.24	 7.34	 7.38	 7.26
	
5 8.78	 7.60	 7.74 8.04
	 7.90	 7.80
	
6 8.38	 7.30	 7.42 6.96 7.78
	 7.24
	
7 9.24	 8.08 8.08	 7.80	 7.56	 7.56
	
8 8.80	 7.86 7.80 7.56 7.84 7.84
	
9 7.20	 7.18	 7.18	 7.34	 7.08	 7.30
	
10 9.24	 *	 *	 *	 8.62	 8.20
	
11	 9.46	 8.54	 8.68 8.58	 8.64	 8.44
IESVSS	 1	 2	 3	 4	 5	 6
ROW 1 7.88 7.66 7.70 7.62 7.42 7.58
2 7.50	 7.40	 7.36	 7.40	 7.44	 7.40
3 9.02	 9.18	 9.16 8.94	 *	 *
4 8.32	 8.18 8.24
	 8.22	 7.88 8.04
5 8.50	 8.58	 8.50	 8.66	 8.40 8.66
6 8.32	 8.34	 8.34	 8.06	 8.00	 8.10
7 9.26 8.78 8.86 8.78 8.90 8.86
8 8.70	 8.46 8.52
	 8.38	 8.48 8.54
9 8.24	 8.14	 8.20	 8.28	 8.06	 8.24
10 9.34	 *	 *	 *	 9.18	 9.28
11	 9.34	 9.40	 9.40	 9.32	 9.24	 9.32
	
IEJCTS	 1	 2	 3	 4	 5	 6
	
ROW 1
	 6.76	 6.68	 6.58	 6.66	 6.04	 6.20
	
2 6.50	 6.80	 6.74	 6.38	 6.40	 6.52
	




4 7.16	 7.00	 7.12	 6.96	 6.80	 6.88
	
5 7.42	 7.46	 7.34	 7.46	 7.42	 7.56
	
6 7.14	 6.84	 6.82	 6.58 6.94 6.90
	
7 8.00	 7.46	 7.44	 7.44	 7.06 7.20
	
8 7.64	 7.40	 7.50	 7.16	 7.52	 7.42
	
9 7.12	 6.90	 6.92	 7.08 6.84	 7.02
	
10 7.42	 *	 *	 *	 7.94	 7.90
	
11	 7.96	 8.28	 8.46	 8.04	 8.18	 8.22
	
LESVSD	 1	 2	 3	 4	 5	 6
	
ROW 1
	 7.28 7.80 7.76 7.86 7.58 7.68
2 7.24 7.66 7.68 7.56 7.64 7.60
	
3	 8.10	 9.52	 9.50	 9.16	 *	 *
	
4	 8.52	 8.32 8.30	 8.36 8.28 8.30
5 8.04 8.68 8.72 8.68 8.62 8.64
6 7.66 8.06 8.08 7.72 7.90 7.92
7 8.48 8.72 8.68 8.62 8.78 8.84
8 8.04 8.68 8.68 8.60 8.64 8.70
9 8.36 8.40 8.42 8.42 8.26 8.48
	
10	 8.00	 *	 *	 *	 9.56 9.40
	
11	 8.18	 9.56	 9.52	 9.42	 9.28	 9.38
	
LEJCTD	 1	 2	 3	 4	 5	 6
	
ROW 1	 7.06	 7.20	 7.16	 7.04	 6.46 6.60
	
2	 7.10	 6.54	 6.58	 6.44	 6.54	 6.56
	
3	 8.06 8.02	 8.02	 8.18	 *	 *
	
4	 7.38	 7.20	 7.10	 7.40	 7.52	 7.18
	
5	 7.62	 7.46 7.58	 7.62	 7.50	 7.62
	
6 7.40	 7.08 6.96 6.36 6.78 6.90
	
7 8.02	 7.64 7.60	 7.42 7.60 7.68
	
8 7.80	 7.60	 7.64	 7.56 7.62 7.48
	
9 7.46 7.36 7.34	 7.42 7.32 7.40
	
10	 7.58	 *	 *	 *	 8.28 8.02
	
11	 8.16	 8.56	 8.36	 8.42	 8.20	 8.40
IESVSD	 1	 2	 3	 4	 5	 6
ROW 1	 7.68 7.38 7.40	 7.52 7.06 7.26
2 7.46 7.40	 7.36	 7.30 7.32 7.36
	
3 8.98 9.06 9.04	 9.02	 *	 *
4	 8.08	 8.04	 8.02	 8.18	 7.76	 8.04
5	 8.38	 8.24	 8.26	 8.26	 8.14	 8.12
6 7.86	 7.56 7.60	 7.56 7.26 7.52
7 8.84	 8.08	 8.12	 8.28 8.38 8.50
8 8.28	 8.30	 8.26	 8.22 8.26 8.06
9	 8.02	 8.10	 8.12	 8.04	 7.78	 8.06
10 8.70	 *	 *	 *	 8.64 8.68
11	 9.08	 9.20	 9.12	 9.10	 8.86	 8.88




	 6.52	 5.92 6.02
2 6.64	 6.22	 6.32	 6.14	 6.44	 6.26
3 7.70 7.56 7.68 7.80
	
*	 *
4	 6.70	 6.74	 6.80	 7.12	 6.82 6.74
5	 7.26	 7.12	 7.40	 7.10	 6.92	 7.50
6 6.84	 6.60	 6.56	 6.18 6.46	 6.36
	
7 7.56 6.88 6.90
	 6.82 6.88 7.32
8	 7.18	 7.16	 7.32	 7.12	 7.24	 6.74
9 7.08 6.82	 7.00	 6.90 6.42 6.98
10	 7.12	 *	 *	 *	 7.54	 7.32
11	 7.60	 8.10	 8.02	 7.96	 7.64	 7.94
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APPENDIX 8.3
REPEATED MEASUREMENTS IN 11 HORSES
SYSTOLIC TIME INTERVALS
	REPEAT NUMBER	 REPEAT NUMBER
PEP1	 2	 3	 4	 5	 6	 ET1	 2	 3	 4	 5	 6
1 0.102	 0.090	 0.086	 0.092	 0.094	 0.090	 0.450	 0.436	 0.444	 0.436	 0.428	 0.428
2 0.096	 0.076	 0.086	 0.064	 0.074	 0.076	 0.418	 0.442	 0.442	 0.442	 0.440 0.442
3 0.086	 0.096	 0.094	 0.100	 *	 *	 0.388	 0.412	 0.412	 0.410	 *	 *
4 0.130	 0.108	 0.108	 0.120	 0.112	 0.110	 0.346	 0.406	 0.404	 0.396	 0.406	 0.410
5 0.034	 0.090	 0.090	 0.098	 0.104	 0.100	 0.520	 0.396	 0.404	 0.422	 0.402	 0.396
6 0.034	 0.062	 0.066	 0.064	 0.074	 0.070	 0.504	 0.452	 0.454	 0.464	 0.450	 0.456
7 0.070	 0.088	 0.086	 0.096 0.094	 0.092	 0.404	 0.408	 0.410	 0.408	 0.398 0.408
8 0.128	 0.106	 0.108	 0.108	 0.104	 0.106	 0.376	 0.386	 0.384	 0.378	 0.376	 0.370
9 0.102	 0.094	 0.094	 0.092	 0.108	 0.112	 0.398	 0.402	 0.408	 0.380	 0.378	 0.378
10 0.102	 *	 *	 *	 0.094	 0.086	 0.410	 *	 *	 *	 0.414	 0.422
11 0.090	 0.084	 0.084	 0.088	 0.102	 0.094	 0.420	 0.372	 0.372	 0.370	 0.358 0.370
EMS1	 2	 3	 4	 5	 6	 PEP/ET1	 2	 3	 4	 5	 6
1 0.552	 0.526	 0.530	 0.528	 0.522	 0.518	 0.226	 0.206	 0.193	 0.211	 0.219	 0.210
2 0.514	 0.518	 0.528	 0.508	 0.514	 0.518	 0.229	 0.171	 0.194	 0.144	 0.168	 0.171
3 0.474	 0.508	 0.506	 0.510	 *	 *	 0.221	 0.233	 0.228	 0.243	 *	 *
6 0.476	 0.514	 0.514	 0.520	 0.518	 0.520	 0.375	 0.266	 0.267	 0.303	 0.275	 0.268
5 0.554	 0.486	 0.494	 0.520	 0.506	 0.496	 0.065	 0.227	 0.222	 0.232	 0.258 0.252
6 0.538	 0.514	 0.520	 0.520	 0.528	 0.526	 0.067	 0.137	 0.145	 0.137	 0.164	 0.153
7 0.474	 0.496	 0.496	 0.504	 0.492	 0.500	 0.173	 0.215	 0.209	 0.235	 0.236	 0.225
8 0.504	 0.492	 0.492	 0.482	 0.480	 0.476	 0.340	 0.274	 0.281	 0.285	 0.276	 0.286
9 0.500	 0.496	 0.502	 0.472	 0.486	 0.490	 0.256	 0.233	 0.230	 0.242	 0.285	 0.296
10 0.512	 *	 *	 *	 0.508	 0.508	 0.248	 *	 *	 *	 0.227	 0.203
11 0.510	 0.456	 0.456	 0.458	 0.460	 0.464	 0.214	 0.225	 0.225	 0.237	 0.284	 0.254
RRINT 1
	
2	 3	 4	 5	 6
1 1.686	 1.704	 1.710	 1.710	 1.708	 1.708
2 1.918	 2.126	 2.126	 2.092	 2.102	 2.108
3 1.552	 1.790	 1.790	 1.732	 *	 *
4 1.756	 1.846	 1.844	 1.804	 1.822	 1.822
5 2.098	 1.918	 1.920	 1.906	 1.952	 1.952
6 1.860	 2.090	 2.082	 2.068	 2.102	 2.094
7 1.886	 1.848	 1.852	 1.838	 1.840	 1.840
8 2.072	 1.998	 1.992	 2.016	 1.990	 1.990
9 1.644	 1.576	 1.576	 1.586	 1.576	 1.578
10 1.790	 *	 *	 *	 1.782	 1.782
11 1.742	 1.724	 1.724	 1.738	 1.728	 1.730
HTRT 1	 2	 3	 4	 5	 6
35.58	 35.21	 35.08	 35.08	 35.12	 35.12
31.28	 28.22	 28.22	 28.68	 28.54 28.46
38.65	 33.51	 33.51	 34.64	 *	 *
34.16 32.50	 32.53	 33.25	 32.93	 32.93
28.59	 31.28	 31.25	 31.47	 30.73	 30.73
32.25	 28.70	 28.81	 29.01	 28.54	 28.65
31.81	 32.46	 32.39 32.64	 32.60	 32.60
28.95	 30.03	 30.12	 29.76	 30.15	 30.15
36.49 38.07 38.07 37.83
	 38.07 38.02
33.51	 *	 *	 *	 33.67 33.67
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CARDIAC DIMENSIONS AND INDICES OF CARDIAC FUNCTION





























































































































































































































PLANIMETERED AREAS AND FRACTIONAL AREA CHANGE
































































































































































































































































































































































































































































































































































































































































































































































































































































































SYSTOLIC TIME INTERVALS BEFORE AND AFTER






































































































































































































































































































































































































































































































CARDIAC DIMENSIONS AND INDICES OF CARDIAC FUNCTION BEFORE AND AYIER AN
EPISODE OF SECOND DEGREE ATRIOVENTRICULAR BLOCK
MEAN LEFT VENTRICULAR DIMENSIONS
AFTER BLOCKED BEAT
ROW	 IVSS	 IVSD	 LVDS	 LVDD LVFWS	 LVFWD	 FS%
1	 3.42	 2.30	 8.45	 11.97	 3.27	 1.97	 29.37
2	 3.46	 2.40	 8.02	 12.20	 4.04	 2.46	 34.23
3	 3.64	 2.46	 7.94	 12.02	 3.80	 2.02	 33.88
4	 3.50	 2.40	 8.66	 12.60	 3.33	 1.96	 31.23
5	 3.94	 3.36	 7.98	 11.80	 4.22	 2.12	 32.34
6	 3.73	 2.60	 7.63	 11.63	 3.26	 1.80	 34.35
7	 3.26	 2.36	 8.10	 11.40	 3.56	 1.90	 28.94
8	 3.56	 2.43	 7.93	 12.23	 3.16	 2.23	 35.15
9	 3.58	 2.34	 9.24	 13.30	 3.46	 1.94	 30.52
10	 3.78	 2.54	 7.54	 11.24	 4.00	 2.04	 32.89
11	 3.44	 2.14	 7.78	 12.06	 3.26	 1.80	 35.48
12	 3.80	 2.22	 6.72	 10.50	 3.57	 1.95	 35.93
13	 3.36	 2.50	 7.60	 10.66	 3.20	 1.86	 28.69
14	 3.38	 2.24	 7.34	 10.54	 3.14	 1.78	 30.33
15	 4.08	 3.10	 7.30	 12.28	 *	 *	 40.51
16	 3.34	 2.38	 7.20	 10.64	 3.40	 1.96	 32.32
BEFORE BLOCKED BEAT
ROW	 IVSS	 IVSD	 LYDS	 LVDD LVFWS LVFWD	 FS%
1	 3.36	 2.50	 8.82	 11.98	 3.14	 1.92	 26.33
2	 3.56	 2.24	 8.76	 12.78	 3.78	 2.36	 31.48
3	 3.52	 2.60	 8.32	 12.14	 3.62	 2.08	 31.27
4	 3.52	 2.46	 8.34	 12.22	 3.40	 1.98	 31.72
5	 3.96	 3.18	 8.12	 11.86	 4.20	 2.48	 31.46
6	 3.76	 2.78	 7.92	 11.50	 3.32	 1.92	 31.12
7	 3.50	 2.56	 7.84	 11.32	 3.64	 1.98	 30.72
8	 3.36	 2.50	 8.82	 11.98	 3.14	 1.92	 26.33
9	 3.66	 2.46	 9.42	 13.30	 3.36	 1.88	 29.17
10	 3.46	 2.68	 8.14	 11.36	 3.96	 1.98	 28.23
11	 3.50	 2.32	 7.88	 11.78	 3.26	 1.88	 33.09
12	 3.66	 2.28	 6.88	 10.42	 3.60	 1.98	 33.93
13	 3.24	 2.44)	 7.66	 10.44	 3.52	 1.90	 26.64
14	 3.42	 2.28	 7.46	 10.52	 3.18	 1.80	 29.02
15	 3.56	 2.24	 8.76	 12.78	 3.78	 2.36	 31.48
16	 3.34	 2.50	 7.28	 10.60	 3.46	 2.06	 31.19
367
APPENDIX 10.1 (continued)
CARDIAC DIMENSIONS AND INDICES OF CARDIAC FUNCTION AI3TER AN EPISODE OF




ROW	 LYAS	 LVAD	 MYOAS	 MYOAD	 FAC%
	
1	 *	 *	 *	 *	 *
	2 	 51.84	 99.34	 202.6	 225.6	 47.81
	
3	 59.26	 123.33	 195.3	 243.3	 51.94
	
4	 55.50	 113.40	 195.4	 225.4	 51.05
	
5	 47.56	 103.63	 186.6	 216.7	 54.10
	6 	 *	 *	 *	 *	 *
	
7	 *	 *	 *	 *	 *
	
8	 *	 *	 *	 *	 *
	
9	 *	 *	 *	 *	 *
	
10	 45.06	 112.66	 198.0	 219.0	 60.00
	
11	 47.33	 106.40	 163.3	 197.7	 55.51
	12	 35.98	 87.94	 150.6	 *	 59.08
	 3	 41.70	 87.36	 157.0	 172.7	 52.27
	
14	 40.07	 92.60	 159.5	 179.5	 56.72
	15	 *	 *	 *	 *
	
16	 39.88	 90.82	 152.2	 178.6	 56.08
BEFORE BLOCKED BEAT
	
ROW	 LVAS	 LVAD	 MYOAS	 MYOAD	 FAC%
	1 	 64.00	 114.40	 202.0	 232.4	 43.90
	
2	 46.40	 102.00	 203.6	 226.4	 54.54
	3 	 59.20	 119.20	 201.0	 240.6	 50.32
	4 	 60.72	 116.40	 201.0	 235.8	 47.58
	5 	 48.32	 101.16	 184.8	 216.0	 52.28
	6 	 46.32	 96.76	 173.0	 201.4	 52.10
	
7	 51.26	 109.80	 182.6	 219.8	 53.24
	8 	 64.00	 114.40	 202.0	 232.4	 43.90
	
9	 72.40	 132.40	 230.6	 270.0	 45.22
	
10	 43.88	 113.00	 193.6	 224.2	 61.14
	
11	 49.64	 98.16	 170.0	 196.2	 49.34
	
12	 34.50	 86.58	 155.2	 176.8	 60.17
	
13	 42.24	 84.34	 163.4	 173.6	 49.88
	
14	 41.64	 95.66	 160.2	 189.8	 56.43
	
15	 46.40	 102.00	 203.6	 226.4	 54.54
	16	 38.40	 91.04	 152.0	 183.4	 57.66
368
APPENDIX 10.1 (continued)
CARDIAC DIMENSIONS AND INDICES OF CARDIAC FUNCTION BEFORE AND AFTER AN
EPISODE OF SECOND DEGREE ATRIOVENTRICULAR BLOCK
MEAN SYSTOLIC TIME INTERVALS
AFTER BLOCKED BEAT
	
ROW	 PEP	 ET	 EMS	 R-R	 PEP/ET	 HTRT
	
1	 0.102	 0.412	 0.518	 4.380	 0.247	 13.69
	
2	 0.093	 0.486	 0.580	 4.360	 0.191	 13.76
	
3	 0.108	 0.408	 0.516	 4.516	 0.264	 13.28
	
4	 0.108	 0.442	 0.550	 4.056	 0.244	 14.79
	
5	 0.090	 0.464	 0.554	 4.086	 0.193	 14.68
	
6	 0.096	 0.436	 0.533	 4.173	 0.221	 14.37
	
7	 0.098	 0.424	 0.522	 4.144	 0.231	 14.47
	
8	 0.110	 0.432	 0.542	 4.396	 0.254	 13.64
	
9	 0.120	 0.416	 0.536	 4.696	 0.288	 12.77
	
10	 0.100	 0.476	 0.576	 5.010	 0.210	 11.97
	
11	 *	 *	 *	 *	 *	 *
	
12	 0.090	 0.416	 0.506	 3.476	 0.216	 17.26
	
13	 *	 *	 *	 *	 *	 *
	
14	 0.104	 0.412	 0.516	 3.792	 0.252	 15.82
	
15	 0.126	 0.534	 0.660	 4.270	 0.235	 14.05
	
16	 *	 4.	 *	 *	 *	 *
BEFORE BLOCKED BEAT
	
ROW	 PEP	 ET	 EMS	 R-R	 PEP/ET	 HTRT
	
1	 0.138	 0.416	 0.554	 2.192	 0.331	 12.70
	
2	 0.128	 0.488	 0.616	 2.530	 0.262	 12.72
	
3	 0.136	 0.402	 0.538	 1.856	 0.338	 13.00
	
4	 0.148	 0.408	 0.556	 2.388	 0.363	 12.38
	
5	 0.108	 0.464	 0.572	 2.132	 0.233	 12.80
	
6	 0.132	 0.410	 0.542	 2.050	 0.322	 12.88
	
7	 0.134	 0.394	 0.528	 2.074	 0.341	 12.08
	
8	 0.138	 0.416	 0.554	 2.192	 0.331	 12.70
	
9	 0.178	 0.370	 0.548	 2.236	 0.481	 14.04
	
10	 0.126	 0.450	 0.576	 2.434	 0.281	 12.20
	
11	 0.094	 0.408	 0.502	 2.010	 0.231	 12.14
	
12	 0.104	 0.418	 0.522	 1.564	 0.248	 11.74
	
13	 *	 *	 *	 *	 *	 *
	
14	 0.114	 0.394	 0.508	 1.706	 0.289	 11.76
	
15	 0.128	 0.488	 0.616	 2.530	 0.262	 12.72
	
16	 0.084	 0.410	 0.494	 1.718	 0.206	 11.94
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APPENDIX 11.1
ESTIMATES OF LEFF VENTRICULAR MASS




































Lvm	 ml	 m2	 rn3	 m4	 m5
	
2450	 3391	 2295	 2869	 2677	 1912
	
1770	 2807	 1859	 2324	 2169	 1549
	
2690	 5045	 3425	 4281	 3996	 2854
	
2160	 3322	 2279	 2849	 2659	 1899
	
1790	 3150	 2067	 2584	 2411	 1722
	
2290	 3497	 2360	 2951	 2754	 1967
	
2170	 3505	 2281	 2852	 2661	 1901
	
1870	 3274	 2194	 2743	 2560	 1828
	
2030	 3117	 2096	 2620	 2445	 1747
	
2270	 3876	 2603	 3254	 3037	 2169
	
2230	 2837	 1906	 2382	 2223	 1588
	
2270	 3655	 2471	 3089	 2883	 2059
	
2240	 3698	 2523	 3154	 2944	 2103
	
2420	 3632	 2350	 2937	 2742	 1958
	
1980	 3151	 2116	 2645	 2469	 1763
	
1650	 2515	 1667	 2084	 1945	 1389
	
2180	 3137	 2107	 2633	 2458	 1755
	
2160	 3355	 2244	 2805	 2618	 1870
	
2320	 3828	 2599	 3249	 3033	 2166
	
2000	 3373	 2238	 2797	 2611	 1865
	
2250	 3894	 2621	 3276	 3057	 2184
	
2410	 4214	 2817	 3521	 3287	 2347
	
2260	 3688	 2407	 3009	 2808	 2006
	
2130	 3648	 2371	 2964	 2766	 1976
	
2030	 2848	 1928	 2411	 2250	 1607
	
2040	 3523	 2325	 2906	 2712	 1937
	
2020	 3295	 2203	 2754	 2570	 1836
	
2100	 3241	 2162	 2702	 2522	 1801
	
2030	 3004	 2009	 2512	 2344	 1674
	
2090	 3451	 2345	 2931	 2735	 1954
	
2110	 3708	 2503	 3129	 2920	 2086
	
1840	 2739	 1799	 2249	 2099	 1499
	
2230	 3697	 2449	 3062	 2858	 2041
	






































ESTIMATES OF LEFT VENTRICULAR MASS
RIGHT SHORT-AXIS 2DE DIASTOLE
ROW	 LVM	 MiD	 1420	 M3D	 M4D	 M5D	 M60	 MTh
1
	
2450	 3183	 1826	 2282	 2130	 1521	 2619	 2555
2
	
1770	 2809	 1598	 1998	 1865	 1332	 2297	 1594
3
	
2690	 4171	 2430	 3038	 2835	 2025	 3463	 3251
4
	
2160	 3405	 1876	 2345	 2188	 1563	 2708	 2825
5
	
1790	 3066	 1712	 2141	 1998	 1427	 2456	 2168
6
	
2290	 3663	 2106	 2633	 2457	 1755	 3041	 2858
7
	
2170	 3572	 1984	 2480	 2314	 1653	 2850	 2319
8
	
1870	 3710	 1977	 2472	 2307	 1648	 2866	 2476
9
	
2030	 3490	 1968	 2460	 2296	 1640	 2851	 2337
10
	
2270	 3535	 1981	 2477	 2311	 1651	 2837	 2130
11
	
2230	 2903	 1590	 1988	 1855	 1325	 2292	 2617
12
	
2270	 3476	 1985	 2482	 2316	 1654	 2850	 2750
13
	
2240	 3578	 1970	 2463	 2299	 1642	 2834	 2589
14
	
2420	 3580	 1968	 2460	 2296	 1640	 2821	 2569
15
	
1980	 3157	 1782	 2228	 2079	 1485	 2565	 2150
16
	
1650	 2656	 1437	 1797	 1677	 1198	 2073	 2052
17
	
2180	 3016	 1678	 2098	 1958	 1399	 2410	 2109
18
	
2160	 3757	 2033	 2541	 2371	 1694	 2943	 2261
19
	
2320	 3452	 1971	 2464	 2300	 1642	 2822	 2250
20
	
2000	 3404	 1873	 2341	 2185	 1560	 2694	 2279
21
	
2250	 3620	 2045	 2557	 2386	 1704	 2932	 2382
22
	
2410	 3601	 2114	 2643	 2467	 1762	 3014	 2497
23
	
2260	 3505	 1957	 2447	 2283	 1631	 2802	 2361
24
	
2130	 3617	 2049	 2562	 2391	 1708	 2939	 2399
25
	
2030	 2951	 1630	 2038	 1902	 1358	 2352	 1953
26
	
2040	 3179	 1788	 2236	 2087	 1490	 2556	 2154
27
	
2020	 3266	 1782	 2227	 2079	 1485	 2563	 1966
28
	
2100	 3255	 1756	 2195	 2049	 1463	 2528	 2105
29
	
2030	 2913	 1629	 2036	 1900	 1357	 2339	 1710
30
	
2090	 3302	 1859	 2323	 2169	 1549	 2670	 2615
31
	
2110	 3341	 1892	 2366	 2208	 1577	 2709	 2067
32
	
1840	 2554	 1401	 1751	 1634	 1167	 2006	 1936
33
	
2230	 3407	 1876	 2345	 2189	 1563	 2686	 2469
34
	



















































ESTIMATES OF LEFT VENTRICULAR MASS
LEFT SHORT AXIS 2DE SYSTOLE













































































































































ESTIMATES OF LEFF VENTRICULAR MASS
LEFT SHORT AXIS 2DE DIASTOLE
ROW
	
LVM	 MiD	 M2D	 M3D	 M4D	 M5D	 M60	 MTh
2450	 2994	 1737	 2171	 2026	 1447	 2465	 3037
2
	
1770	 2583	 1408	 1760	 1642	 1173	 2034	 1595
3
	
2690	 5312	 2902	 3627	 3386	 2418	 4183	 3786
4
	
2160	 2973	 1665	 2081	 1943	 1387	 2395	 2615
5
	
1790	 2669	 1544	 1930	 1801	 1286	 2209	 1822
6
	
2290	 3564	 1995	 2494	 2327	 1662	 2872	 3342
7
	
2170	 3508	 1891	 2363	 2206	 1575	 2725	 2406
8
	
1870	 3731	 2009	 2512	 2344	 1674	 2918	 2287
9
	
2030	 4014	 2221	 2777	 2591	 1851	 3227	 2610
10
	
2270	 *	 *	 *	 *	 *	 *	 *
11
	
2230	 3575	 2022	 2528	 2359	 1685	 2913	 2673
12
	
2270	 3495	 1946	 2432	 2270	 1621	 2802	 2839
13
	
2240	 *	 *	 *	 *	 *	 *	 *
14
	
2420	 *	 *	 *	 *	 *	 *	 *
15
	
1980	 3239	 1780	 2225	 2077	 1483	 2567	 2336
16
	
1650	 2812	 1529	 1911	 1784	 1274	 2213	 1933
17
	
2180	 3825	 2078	 2598	 2425	 1732	 2994	 2539
18
	
2160	 3923	 2198	 2747	 2564	 1831	 3168	 2241
19
	
2320	 3901	 2143	 2679	 2500	 1786	 3098	 2284
20
	
2000	 3531	 1837	 2296	 2143	 1531	 2659	 2534
21
	
2250	 3925	 2119	 2649	 2472	 1766	 3059	 2567
22
	
2410	 3534	 2064	 2580	 2408	 1720	 2942	 2527
23
	
2260	 3790	 2025	 2531	 2362	 1687	 2928	 2357
24
	
2130	 4036	 2219	 2774	 2589	 1849	 3197	 2612
25
	
2030	 3337	 1836	 2295	 2142	 1530	 2640	 2343
26
	
2040	 3522	 1851	 2313	 2159	 1542	 2679	 2257
27
	
2020	 3446	 1892	 2365	 2207	 1576	 2725	 1911
28
	
2100	 3541	 1942	 2428	 2266	 1618	 2790	 2175
29
	
2030	 3118	 1718	 2147	 2004	 1431	 2466	 1923
30
	
2090	 3725	 1980	 2475	 2310	 1650	 2878	 2739
31
	
2600	 5016	 2976	 3720	 3472	 2480	 4986	 3689
32
	
1840	 *	 *	 *	 *	 *	 *	 *
33
	
2230	 *	 *	 *	 *	 *	 *	 *
34
	











































































































ESTIMATES OF LEFf VENTRICULAR MASS
M-MODE RIGHT SHORT-AXIS SYSTOLE
	
Ml	 M2	 143	 M4	 MS
	
3502	 2368	 2960	 2368	 1578
	
2415	 1588	 1985	 1588	 1058
	
4589	 3077	 3846	 3077	 2051
	
3526	 2357	 2946	 2357	 1571
	
2486	 1586	 1983	 1586	 1057
	
3341	 2265	 2831	 2265	 1510
	
3151	 2050	 2562	 2050	 1366
	
3380	 2272	 2840	 2272	 1515
	
3502	 2336	 292D	 2336	 1557
	
4026	 2607	 3258	 2607	 1738
	
4177	 2784	 3480	 2784	 1856
	
4028	 2666	 3332	 2666	 1777
	
3940	 2586	 3232	 2586	 1724
	
3171	 2057	 2571	 2057	 1371
	
3112	 2091	 2614	 2091	 1394
	
2276	 1541	 1927	 1541	 1027
	
3376	 2249	 2812	 2249	 1499
	
3206	 2100	 2625	 2100	 1400
	
3922	 2638	 3298	 2638	 1759
	
2946	 1932	 2415	 1932	 1288
	
3327	 2164	 2705	 2164	 1443
	
3856	 2564	 3206	 2564	 1709
	
3438	 2240	 2800	 2240	 1493
	
4135	 2721	 3402	 2721	 1814
	
2769	 1832	 2290	 1832	 1221
	
3613	 2424	 3030	 2424	 1616
	
3129	 2002	 2503	 2002	 1335
	
3532	 2364	 2955	 2364	 1576
	
2822	 1875	 2344	 1875	 1250
	
3794	 2573	 3217	 2573	 1715
	
2828	 1838	 2298	 1838	 1225
	
2520	 1653	 2066	 1653	 1102
	
3009	 1947	 2433	 1947	 1298
	
3362	 2208	 2760	 2208	 1472
374
APPENDIX 11.1 (continued)
ESTIMATES OF LEF1 VENTRICULAR MASS
RIGHT SHORT A)US M-MODE DIASTOLE
	
ROW	 LVM	 MiD	 M2D	 M3D	 M4D	 M5D	 M6D	 MTh
	
1	 2450	 3865	 2041	 2551	 2041	 1360	 2957	 3245
	
2	 1770	 2573	 1315	 1644	 1315	 876	 1900	 2078
	
3	 2690	 4721	 2530	 3163	 2530	 1687	 3649	 3743
	
4	 2160	 3981	 2166	 2708	 2166	 1444	 3138	 3032
	
5	 1790	 2882	 1493	 1866	 1493	 995	 2158	 2362
	
6	 2290	 3520	 1977	 2471	 1977	 1318	 2855	 3023
	
7	 2170	 3324	 1774	 2218	 1774	 1183	 2556	 2449
	
8	 1870	 3423	 1857	 2321	 1857	 1238	 2675	 2511
	
9	 2030	 3829	 2112	 2640	 2112	 1408	 3053	 2858
	
10	 2270	 3437	 1904	 2380	 1904	 1269	 2711	 2520
	
11	 2230	 3753	 2147	 2684	 2147	 1431	 3069	 3149
	
12	 2270	 3819	 2219	 2773	 2219	 1479	 3178	 2867
	
13	 2240	 3600	 1961	 2451	 1961	 1307	 2805	 3095
	
14	 2420	 3219	 1719	 2149	 1719	 1146	 2471	 2538
	
15	 1980	 2883	 1653	 2067	 1653	 1102	 2369	 2105
	
16	 1650	 2155	 1208	 1510	 1208	 805	 1735	 1721
	
17	 2180	 3004	 1636	 2045	 1636	 1091	 2341	 2519
	
18	 2160	 3942	 2021	 2527	 2021	 1347	 2939	 2646
	
19	 2320	 3754	 2003	 2504	 2003	 1335	 2880	 2864
	
20	 2000	 2649	 1437	 1797	 1437	 958	 2055	 2365
	
21	 2250	 3245	 1744	 2180	 1744	 1163	 2502	 2668
	
22	 2410	 3443	 1903	 2379	 1903	 1269	 2722	 2880
	
23	 2260	 3118	 1685	 2107	 1685	 1123	 2410	 2585
	
24	 2130	 3517	 1973	 2467	 1973	 1315	 2812	 2847
	
25	 2030	 3665	 1800	 2250	 1800	 1200	 2633	 2685
	
26	 2040	 3122	 1704	 2130	 1704	 1136	 2435	 2408
	
27	 2020	 3596	 1824	 2280	 1824	 1216	 2638	 2495
	
28	 2100	 3155	 1653	 2066	 1653	 1102	 2370	 2577
	
29	 2030	 2707	 1464	 1830	 1464	 976	 2102	 1878
	
30	 2090	 3909	 2168	 2710	 2168	 1445	 3127	 2826
	
31	 2600	 2896	 1520	 1900	 1520	 1013	 2188	 2269
	
32	 1840	 2508	 1358	 1698	 1358	 905	 1952	 1859
	
33	 2230	 3027	 1595	 1994	 1595	 1063	 2293	 2518
	












































































































































































































































RIGHT SHORT AXIS M-MODE
ROW	 SVM1	 SVM2	 svM3	 SVM4	 SVM5
1427	 1179	 1474	 1179	 786
2	 1240	 935	 1169	 935	 623
3	 1805	 1479	 1849	 1479	 986
4	 1116	 945	 1181	 945	 630
5	 1065	 788	 985	 788	 525
6	 922	 824	 1030	 824	 549
7	 1210	 941	 1177	 941	 627
8	 1248	 1040	 1300	 1040	 693
9	 1037	 884	 1106	 884	 589
10	 1445	 1126	 1408	 1126	 751
11	 1179	 1011	 1264	 1011	 674
12	 915	 798	 998	 798	 532
13	 1526	 1205	 1507	 1205	 803
14	 1256	 968	 1210	 968	 645
15	 1022	 823	 1028	 823	 548
16	 1758	 1386	 1732	 1386	 924
17	 847	 744	 930	 744	 496
18	 723	 628	 786	 628	 419
19	 1360	 1097	 1371	 1097	 731
20	 1409	 1086	 1358	 1086	 724
21	 1701	 1376	 1720	 1376	 917
22	 1186	 930	 1163	 930	 620
23	 1315	 1019	 1274	 1019	 679
24	 1400	 1146	 1433	 1146	 764
25	 1399	 1081	 1352	 1081	 721
26	 1397	 1135	 1418	 1135	 756
27	 1517	 1141	 1427	 1141	 761
28	 1481	 1206	 1507	 1206	 804
29	 1574	 1141	 1426	 1141	 760
30	 1799	 1398	 1747	 1398	 932
31	 1106	 892	 1115	 892	 595
32	 1187	 1038	 1298	 1038	 692
33	 1257	 955	 1193	 955	 636
34	 1381	 1041	 1302	 1041	 694
35	 933	 741	 927	 741	 494
36	 1317	 994	 1243	 994	 663





ROW	 SCM1	 SVM2	 SVM3	 SVM4	 SVM5
1	 1288	 1141	 1426	 1331	 951
2	 718	 585	 731	 682	 487
3	 1541	 1240	 1550	 1447	 1033
4	 969	 860	 1075	 1004	 717
5	 761	 668	 835	 779	 556
6	 1095	 961	 1201	 1121	 800
7	 1102	 861	 1077	 1005	 718
8	 1065	 907	 1133	 1058	 755
9	 851	 739	 923	 862	 615
10	 *	 *	 *	 *	 *
11	 786	 662	 828	 773	 552
12	 895	 738	 923	 861	 615
13	 *	 *	 *	 *	 *
14	 *	 *	 *	 *	 *
15	 *	 *	 *	 *	 *
16	 *	 *	 *	 *	 *
17	 1023	 865	 1081	 1009	 721
18	 842	 715	 894	 834	 596
19	 1286	 1046	 1307	 1220	 871
20	 943	 793	 991	 925	 661
21	 1099	 936	 1170	 1092	 780
22	 1187	 890	 1113	 1039	 742
23	 1198	 957	 1197	 1117	 798
24	 1169	 1050	 1312	 1225	 875
25	 1073	 832	 1041	 971	 694
26	 1149	 934	 1168	 1090	 779
27	 1086	 891	 1113	 1039	 742
28	 1192	 925	 1157	 1080	 771
29	 1027	 842	 1052	 982	 701
30	 1149	 922	 1153	 1076	 768
31	 1081	 885	 1107	 1033	 738
32	 1079	 889	 1112	 1038	 741
33	 *	 *	 *	 *	 *
34	 1037	 983	 1229	 1147	 819
35	 *	 *	 *	 *	 *
36	 *	 *	 *	 *	 *
37	 *	 *	 *	 *	 *
378
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